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MEASUREMENTS OF HEAT CAPACITY AND HEAT OF 
VAPORIZATION OF WATER IN THE RANGE 0° TO 100° C 


By Nathan S. Osborne, Harold F. Stimson, and Defoe C. Ginnings 


ABSTRACT 


[he present series of measurements of heat capacity and heat of vaporization 
f water in the range 0° to 100° C have been made to provide greater certainty 
n the values of the specific heat of water for calorimetric purposes and also to 
provide greater reliability in the values of enthalpy and the other derived proper- 
ies for use in steam tables. 

To insure the desired accuracy in the specific-heat determinations, complete 
ew calorimetric equipment was designed and built. The same fundamental 
principles of fluid calorimetry by the electric-heating method were used as in 
previous measurements extending from 0° to 374° C. In the present case, the 
limited range of temperature and pressure allowed greater freedom of design 
o provide for higher accuracy in measurements. Heat leak was accounted for 

bservation, although it was kept practically nil by insulation and by thermal 
itrol of the envelope. 

Temperature uniformity in the calorimeter was secured by an efficient circula- 

n pump. ‘Temperature uniformity in the envelope was secured by a con- 
rollable saturated-steam bath. Temperatures were measured by platinum 
resistance thermometers supplemented with numerous thermoelements. Heat 
iided was measured electrically. The process of evaporation was closely con- 
trolled by manipulation of a sensitive throttle valve. 

From 256 heat-capacity experiments and 152 vaporization experiments, as 
finally reduced and formulated, there was obtained a group of properties of 
vater comprising specific heat, enthalpy of both liquid and vapor, heat of vapor- 
ation, and specific volume of saturated vapor in the range Q° to 100° C. 

The values of specific heat have been compared with values from several 
important researches by both the mechanical and the electrical method. This 

mparison shows a more satisfactory accord of the present results with the 
results of Rowland, of Laby and Hercus, and of Jaeger and von Steinwehr, than 

th those of Callendar and Barnes. 
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Part 1. A Calorimeter for Measuring the Heat Capacity and Heat 
of Vaporization of Water in the Range 0° to 100° C 


I. INTRODUCTION 


The principal purpose of the calorimeter described here was t 
provide for a systematic determination of the heat capacity of wat 
from 0° to 100° C. A secondary purpose was to nthe $9 for a ha 
mination of the heat of vaporization over the same range. It was 
desired to obtain new experimental data on these properties to remove, 
if possible, some of the existing uncertainty. Of the earlier deter- 
minations of the specific heat of water, some are limited in range and 
the degree of accord is unsatisfactory. The measurements which 
have been completed, and which are described in part 2 of this report, 
were in part repetitions of previous measurements made in this lab- 
oratory. These previous determinations of the heat capacity of water 
were made for the purpose of obtaining data on the properties of 
saturated steam, using a calorimeter designed to operate at pressures 
up to 1,200 Ib/in?. While the values obtained for enthalpy of liquid 
water were of adequs ute precision for use in compiling steam tables for 
engineering purposes, the derived values of specific heat in the range 
below 100° C were not sufficiently accurate for use as calorimetric 
standards. 

In providing apparatus for a resurvey of the heat capacity, the 
moderate range of pressure between 0° and 100° C allowed more 
freedom of design to avoid sources of experimental error. The desigh 
also provided for the determination of the heat of vaporization oF 
0° to 100° C. The results of these measurements are given in part 
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Il. GENERAL DESCRIPTION OF METHOD AND 
APPARATUS 


The principles of the method used in the measurements have been 
Jescribed in previous publications [1],' and therefore are not repeated 
in detail in this report. This method was applied previously [2, 3] to 
neqsurements on saturated water and saturated steam from 0° to 

C. The description given here includes mention of both the 
heat-capacity and the vaporization measurements. 

The apparatus consists essentially of a calorimeter in which a 


< 


ample of water may be so isolated from other bodies as to enable its 


amount, state, and energy to be accounted for. The sample may be 
made to pass through a chosen definite change in state while the accom- 
nanving gain or loss of energy is being determined. 

A quantity of water, part liquid and part vapor, is enclosed in a 
metal calorimeter shell. An electric heater immersed in the water 
provides & means of adding measured energy to the calorimeter and 
its contents. Outlets with valves provide for filling and emptying 
ie calorimeter and for withdrawing vapor. Detachable receivers 
suitable for weighing are connected to the outlets to hold the samples 
water transferred. 

For confining the energy, the calorimeter is well insulated from the 
(uence of external sources of heat. In operation, the temperature 
fan enveloping shell is kept very close to that of the calorimeter shell. 
The small amount of heat which passes by leakage to or from the 
ilorimeter is taken into account. 

Two general types of experiments were made with this calorimetric 
pparatus. In the first type (heat-capacity measurements) the 
ilorimeter with a sample of water was heated over a measured tem- 
perature range. By making some experiments with the calorimeter 
early full of liquid water and others with it nearly empty of liquid, 
itis possible to account for the tare heat capacity of the calorimeter, 
ud to obtain the change of a quantity called alpha, a, which is a 
roperty of the water alone. It previously has been shown in the 
theory [1] that this quantity, a, differs from the enthalpy, or heat con- 
tent, 7, of saturated liquid water by another quantity beta, 6. In 
ther words, 


a=H—B. 


The quantity B has been shown to be 


where Lis the heat of vaporization, u is the specific volume of satu- 
ited liquid, w’ is the specific volume of saturated vapor, 7’ the 
solute temperature, and dP/dT is the vapor-pressure derivative. 
in the previous experiments the quantity 8 was measured calorimet- 
ically at higher temperatures, but between 0° and 100° C it is so 
‘wall that its value can be calculated from liquid-volume and vapor- 
jressure data with greater accuracy than can be obtained by calori- 
lletric measurements. 


—— 
Figures in brackets indicate the literature references at the end of this paper. 
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The second type of experiment (vaporization) made with this calor. 


” 


eter is virtually an isothermal process. Heat is supplied to eyap. 


orate a sample of water which is withdrawn from the calorimeter 4; 
a controlled rate, collected, and weighed. From this experimey; 
there is obtained a value of a quantity gamma, y, which differs fro; 
the latent heat of vaporization, L, by the same quantity, 8, mentione; 
above. In other words, 

y=L-+8. 


III. APPARATUS 


The essential features of this calorimeter may be explained }) 


reference to a schematic diagram, figure 1, which shows the met; 
calorimeter shell, C, containing a water sample; an electric heater, // 





FiacurE 1.—Schematic diagram of calorimetric apparatus. 
C, calorimeter shell; 77, electric heater; P, water circulating pump; R, reference block; S, 


bath; SR, steam receiver; 7'V, throttle valve; U, union; V, valve; VAC, vacuum line; |) 
container 


and a water-circulating pump, P. This shell is supported within aa 
evacuated space which is surrounded by a controlled bath, 5, | 
saturated water vapor, hereafter called the steam bath, which shieldg 


it against heat exchange with the surroundings. Provision is mad 


for the introduction of a water sample from the water container, WY 
into the calorimeter, or the withdrawal of saturated vapor tliroug 
the throttle valve, 7'V, into the glass receiver, SR. The calorimete 
and flow lines may be evacuated through lines VAC. The referencé 
block, R, provides a temperature datum determined by a platinutl 
resistance thermometer. Auxiliary thermoelements are used [of 
measuring temperatures on the calorimeter shell and its surroundings 
relative to this datum. The reference block is located in an inclosuré 
surrounded by an extension of the steam bath. The calorimeter al 
the essential parts are shown in detail in the scale drawings, figure 
2 and 3. Figure 2 shows more of the calorimeter detail, whereas 
figure 3 shows more of the accessory parts. 





om) Specific and Latent Heat of Water, 0° to 100° C 20] 


1. CALORIMETER SHELL AND INCLUDED PARTS 


The purpose of the calorimeter shell shown at Cis to hold the sample 
{water whose thermal properties are being determined. The shell 
ys made nearly spherical in shape for compactness and calorimetric 
ficiency. It was spun from pure copper and has a thickness of 
about 0.55 mm. The two hemispherical ends were joined by solder, 


VAC 
































Figure 2.—Scale drawing of calorimeter. 


ot iffe; C, calorimeter shell; E, envelope shell; H1, calorimeter heater; 7/2, steam bath heater r 
nce bic k heater; 774, throttle vy valve heater; ‘JT, J5, etc., thermoelement principal junctions 
pump propellers; PC, , pump casing; PG, pump guides; R, reference block; S, saturated ste ain 

istance thermometer; 7'V, throttle valve; VAC, vacuum line; W1, condenser. 
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Figure 3.—WScale drawing of calorimetric apparatus. 


C, calorimeter shell; E, envelope shell; G, guard; 7/1, calorimeter heater; #12, steam bath heater; //5, ¢ 
heater; Pl, P2, pump propellers; R, reference block; S, saturated steam bath; SB, stuffing box; SR, stes 
receiver; 7'V, throttle valve; U, union; VAC, vacuum line; W1, condenser; W2, condenser; W3, ¢ 
water tubes; W4, cooling water chamber; WC, water container. 





om] Specific and Latent [leat of Water, 0° to 100° C 


vith a narrow cylindrical copper band at the equatorial zone. As 

assemb led with the various parts in place, the shell has a capacity of 

1.190 em’. 

~ Two tubes connected axially at the top and bottom of the ealorim- 

ror shell are designated as the “upper tube” and “lower tube” 
pectively. These tubes serve for the transfer of fluid to and from 

a e calorimeter and to hold the calorimeter shell in place. 

All surfaces of the calorimeter shell and the parts inside were gold- 
nlated. The outer surface of the shell was polished to reduce heat 
‘ransfer by radiation. Eight thermoelement junctions, oJ, distributed 

er the outer calorimeter surface were used in the evaluation of calo- 
rimeter temperature, as described later in the section ‘Thermometric 
installation.” 

The circulating pump consists of two screw propellers, shown at 
Pi and P2, and a system of guides to direct flow. The larger pro- 
neller, P71, pe rformed most of the work in cireul: ating water, while the 
smaller propeller, P2, was used to avoid stagnation in the extreme 
bottom of the calorimeter. The specially designed blades of the larger 
propeller were formed from sheet copper and soldered to a hub of 
brass, all plated with gold and polished. The two propellers were 
fustened to a phosphor-bronze pump shaft, which was squared at its 
lower end so that it could be engaged from below by a shaft extension. 

In addition to the propellers, there is a system of guides designed to 

flow and increase the pumping efficiency. The liquid water 

ows downward next to the inner surface of the calorimeter shell and 
is directed by radial guides at the bottom so that the water flows 
vithout swirl past the heater into the propellers. The water from 
he a is guided upward by a casing, PC, and by guide vanes 
curved to remove the swirl imparted to the water by the propeller. 
the pump guides form a rigid framework which supports the two 
mp bearings and the electric heater, //1. The downward thrust 
the pump shaft is taken on a copper-nic kel washer located just 
elow the small propeller, P2. This whole pump framework is held 
own against the calorimeter shell by a threaded connection to a 
short plece of the lower outlet tube which extends into the calorimeter. 

The electric heater shown at /7/ is an insulated resistor encased in 

coiled metal tube sealed hermetically through the shell. It consists 
py 107 ohms of a chromium-nickel-alloy wire, 0.2 mm in diameter 
vith 0.4-mm copper leads. This resistor was wound in helical form, 

i-mm ‘oaeade diameter, and embedded in magnesia for insulation. 
lhe resistor with leads was sheathed in a copper tube drawn down 
. chtly on the magnesia to an outside diameter of about 2mm. This 
sheathed resistor was then bent to form a flat spiral of five turns, the 
wrgest being 6 em in diameter. This coil was fastened in slots in the 

etal guides just below the large circulating pump propeller, P1/. 
Th reg is so located as to concentrate the heating in the region 
just below the large propeller. The leads extending out from the 
a shell, both for current and potential connections, were made 
ike the leads of the sheathed resistor. 

Kor measuring the potential drop in the calorimeter heater, two 

otential leads were joined to the current leads where they cross the 
tic — space between the ¢ ‘alorimeter shell and the envelope. These 

uctions were located to include in the measured electric-energy input 
hat part of the heat dev eloped in the leads, which went to the ¢ alorim- 
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eter. Choice of suitable proportions of the leads in this boundan 
region of the calorimeter was a compromise between thermal conduc}. 
ance, electrical resistance, and convenient battery voltage. As mad 
the two current leads contributed but little to the total he: at 
transfer, and their combined electrical resistance was only 1/3000 of 
the calorimeter heater resistance of 107 ohms. ‘Therefore, a 3004 
of the energy input was developed in the current leads between thy 
calorimeter and envelope shells, and so a small inequality in thy 
eventual distribution of this extraneous heat was negligible. 

To minimize the uncertainty of the accounting for the heat dey¢l. 
oped in this small resistance, the current leads, their insulation, an, 
their sheaths were all made as much alike as possible on both sides of 
the vacuum space. The sheaths were soldered into the shells similar) 
and the leads extended about 38 mm beyond their sheaths. In this 
way, the two electric connecting links had equal thermal connectio 
with the calorimeter and the envelope shells. The current links wer 
made of 0.3-mm gold wire about 4 cm long. One potential lead wa 
connected to the calorimeter end of one link. The other potentis 
lead was connected to the envelope end of the other link. In this 
way, the electric power developed in one link was apportioned to ti 
calorimeter, and the power developed in the other link was appor- 
tioned to the envelope. Thus it was not necessary to connect poten- 
tial leads within the vacuum space to the mid points of the links 


where the temperature of the wire rose above the calorimeter tempera- 


ture during the heating period. These potential leads were made 
small and long to keep their thermal conductance negligible. 


In order to prevent passage of liquid drops during the vapor witli- 
drawal experiments, a baffle, B, shown in figure 2, made of conical- 


shaped wire gauze, was installed near the vapor outlet tube. 
2. THERMAL-PROTECTING ENCLOSURE 


In an ideal calorimeter no unmeasured heat would be gained or lost 
This ideal may be approached by three means: First, the calorimeter 
may be thermally insulated from its surroundings. Second, the sur- 
roundings may be kept approximately at the temperature of the 
calorimeter. Third, the heat transferred may be accounted for b 
observation. In the present calorimeter, all three means were pro- 
vided by use of a protecting enclosure for the calorimeter. This 
thermal-protecting enclosure will next be described. 

The enclosure which surrounds the calorimeter is used to control 
heat leak to or from the calorimeter and to provide for determining 
the correction for the small unavoidable heat leak. The inner wall 
of the enclosure is a shell called the envelope, shown at /. lt is 4 
closed copper shell made in the same manner as the calorimeter shell, 
but larger. At the bottom of the envelope, the seal to the lower t ube 
was made with a thin copper disk to accommodate differential expat 
sion. The copper envelope shell is 0.55 mm thick, gold-plated and the 
inside surface polished to reduce heat transfer by radiation to the 

calorimeter. The space between the calorimeter shell and the 
envelope was evacuated for improving the rea ation, leaving radiation 
between the polished gold surfaces as the chief path for heat leak. a 
the preliminary cooling of the calorimeter, this space was fille: 
helium to promote heat removal. K icht thermoelements on th 
inner surface of the envelope are used in the control and evaluation © 
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heat leak, as deseribed later. ‘To provide a space for the reference 
block, R, described later, an extension to the envelope is located as 
shown. 

Control of the envelope temperature is an important factor in the 
operation of the calorimetric equipment. Upon this control depends 
F not only the magnitude of the heat leak, but also its correct evalua- 
tion. In the calorimetric measurement, it is important that the enve- 
lope temperature be kept uniform and close to the aver: ige temperature 
of the calorimeter, not only when at the initial and final steady states 
but also during the he: ating period. Another function of the envelope 
is the cooling of the calorimeter as a preliminary to a series of measure- 
ments. In consideration of the several functions of the envelope, a 
saturated-steam bath was chosen to control its temperature. An 
electric heater for vaporizing water and water-cooled condensers 
S furnished the means for controlling the steam bath. The saturated 
steam furnished the medium for distribution of heat or refrigeration 
to the parts of the envelope, and thus automatically provided the 
desired uniformity of temperature distribution and the desired re- 
sponsiveness in temperature regulation. 

The saturated-steam bath, S, occupies the space between the 
envelope and a third shell of brass. This shell, or steam jacket, as it 
is called, is entirely closed except for small tubes for introducing or 
removing liquid water and vapor. A flexible copper disk was used to 
join the brass shell to the axial lower tube. The volume of this steam 
space be ‘tween the steam jacket and the envelope was about 2,000 
em’, The sheathed heater, 72, soldered to the outside of the steam 
jacket just below the level of the pool of water inside, furnished the 
controlled source of heat input. The vapor spaces were sufficiently 
open so that only negligible pressure differences could exist, even 
when there was flow of vapor to the remote parts. 

The action of this vapor bath depends upon the latent heat of the 
water vapor and upon the principle that the temperature of a wet 
surface is determined by the vapor pressure. It therefore follows that 
the temperature of the entire envelope responds to any increase in 
saturation temperature of the vapor. In other words, the saturated 
steam acts as an automatic thermodynamic distributor of heat and 
equalizer of temperature for the space which it occupies. In heating, 
the saturation temperature of the vapor is raised above that of the 
metal, and condensation takes place, using up the latent heat of the 
vapor to add heat. The heat flows to the shells through whatever 
condensed liquid is on the metal. Gravity tends to make the con- 
densed water run down to the pool at the bottom, where it receives 
heat and goes through the cycle again. Since the entire mass of 
fuid in this space is small and the metals of the envelope and jacket 
are thin, the temperature of the envelope is quickly responsive to 
changes in power imparted to the heater. 

For the purpose of initial cooling preliminary to a day’s experiments, 
or for a steady heat drain to be compensated by heat for regulation, 
two condensers are provided in the steam bath, as shown at W1 and 
We. Cooling was supplied to these condensers by water, regulated 

n flow and tempers ature. The water condensed within ‘the steam 

hath was directed by wire-gauze leaders to parts which needed to be 
kept wet. The surplus returned by gravity to the pool at the bottom. 

It is possible that the surfaces are not always completely wetted, 
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but even so, large temperature gradients could not be produced j; 
the well-conducting envelope shell. The steam-bath enclosure Was 
found to have a very small air leak, which made it necessary to purg 
it of air occasion: ally to secure the best operation. This was done by 
drawing off a small amount of steam from the region of the condense; 
W2 

In order to protect the steam bath from the influence of the out. 
side temperature, it was surrounded except at the top by a uinhealie 
metal casing called the “guard”, shown at G@ in figure 3. This guar) 
was a sheet-copper cylinder with a plane bottom. It could be coole; 
by means of a system of cooling-water tubes, W3, distributed over its 
surface. Heat could be supplied by an electric heater, H5, dis. 
tributed over the surface. By thus controlling the temperature of the 
guard, the operation of the steam bath was improved. 

Outside the guard there is another shell made of aluminum, for , 
cover. For the purpose of insulation, the blank spaces inside the 
cover and the guard were filled with insulating material consisting ; 
wool and kapok. 


3. CONNECTIONS TO THE CALORIMETER 


The calorimeter shell is held in place by two tubes of copper-nicke! 
alloy. In addition to furnishing a firm support for the shell without 
too great heat conduction, these tubes serve also for the transfer of 
fluid to or from the calorimeter. The “upper tube,’ which has an 
outside diameter of 6.35 mm and a wall thickness of 0.25 mm, con- 
nects to the vapor throttle valve, 7V, which permits control of th 
rate of flow of outgoing steam in the evaporation type of experiments. 
The diameter of this upper tube was large enough to allow for ade- 
quate rates of withdrawal of steam at the lower temperatures. Near 
0° C, where the specific volume of saturated steam is over 200,000 
em/g, it was possible to withdraw about 0.63 g/min. 

During the heat-capacity experiments, which preceded the vapor- 
zation measurements, the upper tube was sealed at both the bottom 
and top by disks across the ends. This was to exclude water which 
might distill from end to end and thereby transfer unmeasured heat. 
These disks were removed prior to the vaporization experiments. 

The “lower tube’’, which has an outside diameter of 3.0 mm and 
wall thickness of 0.35 mm, encloses the propeller drive shaft of the 
circulating pump. It also connects to the valve through which the 
calorimeter is filled or emptied. 

The container, WC, for storing and transferring water samples was 
a copper shell similar to but slightly larger than the calorimeter shell, 
tinned on the inside to avoid contamination of the water sample, 
and with a tubular stem ending in a valve. It was connected to the 
calorimeter by a union. The long stem was to give head for running 
the water in or out when the vapor pressure was low. 


4. STUFFING BOX AND PUMP DRIVE 


The calorimeter circulating pump is driven from a 1/75-hp syn- 
chronous motor, using controlled- frequency alternating current to 
provide a constant specd. The drive is transmitted through a speed- 
reducing gear train to a vertical shaft running in a stuffing box below 
the calorimeter. From this shaft, a tubular extension with squared 
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uings 


onds transmits the rotation to the bottom of the calorimeter pump 
shaft. 
The stuffing box, shown at SB in figure 3, was taken from an older 
' -alorimeter and has been more fully described in a previous publica- 
“ion (2). The shaft through this stuffing box is of hardened tool steel 
i mm in diameter where it runs in the packing. A packing material 
of soft kid leather impregnated with a mixture of paraffin and vaseline 
vas found to be satisfactory. This packing is kept compressed to the 
proper tightness around the shaft by a spring acting between the 
retaining ring and the threaded cap. Clearances were made small to 
avoid exuding the packing. The agreement of the amounts of water 
put in and taken out of the calorimeter was a check on the satisfactory 
rightness of the stuffing box. : 
The stuffing box was cooled with water circulating in a chamber, 
i), around the shaft tube at the top of the stuffing box. In experi- 
ments at temperatures near 0° C, this cooling was found necessary to 
prevent transfer of unmeasured heat to the calorimeter by boiling in 
the lower tube, whereas in experiments at higher temperatures, it 
was necessary to keep the packing cool to prevent leaking. 


5. VAPOR LINE AND THROTTLE VALVE 


The vapor throttle valve used in the vaporization experiments is 
an extremely vital part. On it depends the precision with which the 
experimental process of evaporation can be controlled. The valve 
opening must necessarily be large enough to allow sufficient flow of 
vapor when the specific volume is large at temperatures near 0° C. 


It should also be capable of closing tightly in order to permit accurate 
accounting for mass and energy. It should also allow steady, con- 
tinuous adjustment, so that the evaporation temperatures can be 
controlled by regulating the flow. 

The vapor throttle valve is shown at TV. It is made as a cylin- 
lrical cell joined to the top of the steam jacket, capped by a flexible 
corrugated-copper diaphragm, clamped tightly to the upper rim of 
the cell. This diaphragm seals against the atmosphere and carries a 
short valve stem at the center. The stem projects above and below 
the diaphragm, to which it is sealed by hard solder. The flexibility 
of the diaphragm permits about 1-mm linear motion of the stem to 
open or close the flow aperture. The outflow tube ends in a brass 
plug, which forms the seat. The actual seat (6.1-mm diameter) is 
merely a 45° sloped ridge rising about 0.15 mm above the plane end 
of the brass plug. The part of the stem which bears on the seat has 
a flat face and is fastened to the diaphragm with a threaded stud. 
The stem face was covered with a thin film of soft rubber, applied 
by dipping in latex and vulcanizing. The performance of this soft- 
rubber coating exceeded all expectations. It enabled the valve to be 
closed tightly with no perceptible leak and permitted fine regulation 
f throttling. One application of rubber served for the entire series 
of evaporation experiments. 

The valve stem is operated by two levers acting axially on the stem 
outside the diaphragm. One lever thrusts a strut against the stem to 
close the valve, and the other lifts it by a stirrup to open the valve. 
These levers act on knife-edges to avoid any irregularity in their 
motion. The closing lever is actuated by a spring which not only 
removes any backlash but keeps a steady moderate force against the 
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seat of the valve when closed. The opening lever with a mechanic! 
reduction of motion of 4 to 1 is operated by a screw with a pitch of 39 
threads per inch. The shaft of this screw extends up to a groove) 
pulley above the calorimeter and is driven by remote control with 

wire belt from a small pulley over the observing bench. A shaft froy 
this pulley extends down to a handwheel and lever easily accessib} 
to the operator. Using an additional lever 20 em long, which coy|; 
be clamped to the handwheel, there was a total reduction of motio 
of over 30,000 to 1 from the end of this lever to the valve stem. |; 
spite of this large reduction, there was no detectable backlash in t), 
operation of the valve. The nicety of the mechanical operation of the 
throttle, and the consequent excellent control of evaporation condi- 
tions amply repaid for the effort expended on the refinement of this 
throttle valve. 

A sheathed heater, shown at H4 in figure 2, was soldered to thy 
body of the throttle valve to maintain both the valve and the upper 
tube warmer than the calorimeter. This was to prevent water fron 
condensing in the upper tube during the evaporation experiments. 

The outlet tube from the throttle was made larger than the inlet 
to accommodate the larger specific volume of vapor after throttling 
The vapor line from the throttle to the receiver is nowhere less than 
1 cm in diameter. The vapor line extends up and out of the guard 
space, through copper and copper-nickel tubes to a glass stopcock. 
Beyond the stopcock, a union, U, provides for the attachment of 
either of two Pyrex-glass containers for collecting the samples of vapor 
by condensation in liquid air. A side tube with valve permits evacu- 
ation of the vapor line. The glass containers, of about 225-cm? ca- 


pacity, are provided with unions and stopcocks so that they can be 
detached and weighed for determining the amounts of samples. 


6. THERMOMETRIC INSTALLATION 


Platinum resistance thermometers and thermoelements were used 
in the control and measurement of temperature in this apparatus. A 
resistance thermometer, 7’, placed in the copper reference block, Rf, 
determines a reference datum on the International Temperature 
Scale, from which small temperature differences to the calorimeter or 
other points are measured by means of thermoelements. Thermo- 
elements were also used differentially for the survey of temperature 
distribution and for regulation of the calorimetric processes. 

The reference block, R, is located in a space somewhat apart from 
the calorimeter to avoid direct interchange of heat but is connected 
to it through a tube for evacuation and for installing differential ther- 
moelement wires. The surrounding steam jacket maintains the tem- 
perature of the enclosure approximately at the temperature of the 
calorimeter. The reference block was designed to give adequate 
thermal connection between the resistance thermometer and _ the 
reference junctions of the thermoelements. It is of copper in the 
form of a right hexagonal prism, 5 em tall, with three broad vertical 
faces on which the reference junctions of the thermoelements nd 
attachments for the leads are located. These attachments are for 
intercepting heat conducted along the leads and will be referred to as 
“thermal tie downs.” ’ 

_ Four vertical round holes in the reference block are the sockets 
into which fit the several tubes containing resistance thermometers 
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and the tube containing an electric heater, H3. The heater socket is 
at the axis and the thermometer sockets are located symmetrically. 
Tubes of thermally resistant Cu—Ni alloy extend up from these four 
aockets successively through the envelope, the steam space, the outer 
yall of the steam jacket, and the water in the condenser, W2 in figure 3, 
«the outside. A length of 4.5 em was allowed in the vacuum space 
.) vive thermal separation from the envelope and a length of 12 em 
‘in the steam space permitted a resistance thermometer coil to be 
nlaced there for automatic regulation of the steam-bath temperature. 
The platinum resistance thermometer used as a working standard 
the temperature measurement was of the four-lead potential- 
‘terminal type deseribed by C. H. Meyers [4]. The windings were of 
pure platinum wound on a mica cross, and the initial strains were 
F velieved by annealing the completed thermometer at 660°C. The 
‘thermometer was then sealed in an atmosphere of helium in a tubular 
jyeath of copper-nickel, 6.3-mm in diameter and 46 cm long. The 
libration was made according to the specifications for the Inter- 
national Temperature Scale [5], using the fixed points of ice, steam, 
and boiling sulphur as 0°, 100°, and 444.6°C, respectively. The 
thermometer fulfilled the requirements of the specifications for the 


International Temperature Scale and was recalibrated several times 
luring the calorimetric experiments. 

There are, in all, 22 thermoelements within the vacuum space, all 
ving their reference junctions on the reference block. Some of the 
thermoelement principal measuring junctions are shown at points 
labeled Jin figure 2. Eight of these thermoelements have their princi- 
pal junetions uniformly spaced on the outer surface of the calorim- 


eter so as to evaluate the average temperature. Four of these on 
‘he bottom hemisphere are connected in series and designated as JB. 
The other four on the top hemisphere, which have separate leads to 
allow for examining temperature uniformity in azimuth, are also 
onnected in series and designated as JJ. All eight in series may be 
sed to refer the average temperature of the calorimeter to the 
reference block, 1. e., to the standard thermometer. Similarly, eight 
principal junetions on the inside surface of the envelope evaluate its 
erage surface temperature; four of these on the lower part are 
lesignated as JL, and four on the upper part as JU. All eight on 
the envelope may be opposed to the eight on the calorimeter for heat- 
leak control and measurement. 

In addition to the 16 thermoelement junctions located on the sur- 
faces of the calorimeter and envelope shells, there are five more 
ocated on the connecting tubes between the shells. These thermo- 
elements are used in the control and measurement of heat leak by 
metallic conduction along the tubes. The three principal junctions 
n the “upper tube” are shown at J5, J6, and J7. Junction Jé, 
cated midway between Jd and J7, was used for determining the 
temperature of the steam withdrawn in the evaporation experiments. 
The two junctions on the “lower tube” are shown at J8 and J9. 

_ One thermoelement, shown at J/0, is placed near where the tubes 
‘rom the reference block pass through its envelope. This thermo- 
element is useful as a detector or purge indicator, since it quickly 
‘hows local temperature differences when enough air eventually leaks 
ito the steam jacket to interfere with the free transfer of heat by the 
steam. For the purpose of regulating the temperature of the guard 
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shell, one thermoelement was placed near the top of the guard. During 
the evaporation experiments, a thermoelement was used on the out. 
side of the throttle valve for regulating the heat applied. 

The thermoelements used in this apparatus were made of No, 39 
(0.20-mm) Chromel P wire containing about 90 percent of Ni and 1) 
percent of Cr, and No. 34 (0.16-mm) constantan wire containing about 
60 percent of Cu and 40 percent of Ni. These wires, which gay, 
about 60 uv°C for single elements, were insulated with silk and covered 
with Glyptal lacquer. The junctions of these elements were made jy 
three different ways, depending on the way the thermal contact had 
to be made to acquire the temperature of the surface where they wer 
placed. 

The usual type of junction was on a copper terminal made in tly 
form of a narrow washer with a radial tag to which the wires wer 
soldered with the least bit of solder, These terminals were clamped 
with a screw stud and nut between thin mica washers to the meta] 
whose temperature they were to acquire. They were somewhat 
larger but made according to the same principles as those described 
in previous reports [2, 3]. These terminals were used on the reference 
block for the ‘‘reference junctions” and for the first ‘“‘tie-downs,”’ and 
for the eight principal junctions on the envelope shell. 

A second type of junction, used on the outside of the calorimeter 
shell, was made by soldering the two wires to larger plates of copper 
These plates were insulated with thin sheets of mica and lacquer and 
held down with two narrow thin bands of copper extending around 
the shell in great circles. 

The third type of attachment was used on the tubes between the 
calorimeter and envelope shells. In this type, the two wires were 
soldered together end to end, reinsulated with silk, and bound and 
lacquered to the tube for several turns away from the junction to 
insure that the junction was at the temperature of the tube. 

Each thermoelement had two reference junctions on the reference 
block, although in cases where the elements were connected in series, 
some of the reference junctions were common to several elements. 
Kighteen copper leads from reference junctions sufficed for all of the 
temperature exploration it was desired to make. Their leads were 
carried in coils from the reference junction terminals near the bottom 
of the reference block to ‘thermal tie-downs” with similar terminals 
near the top of the block. From these tie-down terminals, the wires 
led up through a flat copper-nickel sheath which extended through 
the steam jacket to above the liquid in the condenser. These silk- 
insulated wires were in a single layer and sealed into the flat copper- 
nickel sheath with Glyptal for electric insulation and thermal contact. 
The length in thermal contact with steam sufficed to bring the tem- 
perature of the wire at the envelope boundary very close to the steat 
temperature. The tie-downs on the upper part of the reference block 
still further eliminated any temperature gradients on the lead wires 
toward the reference junctions. 

Various combinations of the thermoelements for the several func- 
tions mentioned above were provided for by connections to specially 
built all-copper distributing switches. By manipulation of these 
switches, the observer could quickly shift from one to another comb- 
nation, with little more delay than for galvanometer response. 

The electromotive forces of the thermoelements were measured 0D 
a Wolff potentiometer designed by F. Wenner. The potentiometer 
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—— were referred to a standard cell, described in part 2 
‘Accounting for energy. The electromotive forces measured 
were so small that the potentiometer calibration errors were negligible. 
The eight thermoelements used to measure the temperature of the 
eglorimeter and contents were calibrated in place against the resistance 
thermometer in the reference block. This calibration procedure was 
frst to observe the resistance thermometer and thermoelements, when 
the reference-block temperature was very close to that of the calo- 
rmeter. The reference block was then he: ited for a few seconds, kee »p- 
+ the calorimeter temperature constant, and the thermometer and 
smoelements observed again. The change in the electromotive 
e of the thermoelements was then given directly in terms of the 
change in temperature by the resistance thermometer. No evidence 
was found that the calibration of any of the other thermoelements 
differed at all from this one and furthermore, even moderate differences 
could have had no significant effect on the results. 

resistance of the thermometer was measured with a Mueller 
bridge [6] built by O. Wolff and calibrated several times during the 
experiments. The addition of a commutator with normal (N) and 
reverse (22) positions adapts the bridge for measuring the resistance 
between the branch points of a four-terminal resistance thermometer. 
A bridge current of 5 ma was used, half of which passed through the 
resistance thermometer. The bridge current could be quickly re- 
versed by a double-pole tapping switch. This automatically com- 
pensates for a drifting bridge zero and doubles the bridge sensitivity. 
To further increase the sensitivity, a special galvanometer arrange- 
ment was used. A stationary mirror inside the galvanometer case 
vas so placed that the beam of light from the movable galvanometer 
nirror was reflected back to the movable mirror before eme rging to 
the scale. This arrangement doubles the deflection with less loss in 
light intensity than doubling the seale distance. With these arrange- 
ments, a sensitivity of 0.0001° C was attained. 

For the purpose of automatic regulation of the envelope tempera- 
ture, one resistance thermometer was inserted only to the region be- 
tween the reference block envelope and condenser so that its tempera- 
ture was quickly affected by the steam bath. This resistance ther- 
nometer was connected in a simple Wheatstone bridge and was used 
with a galvanometer, photelelectric cell, and amplifier to automatically 
maintain constant temperature of the steam bath. 


7. AUXILIARY COOLING APPARATUS 


Cold water was used for cooling the apparatus in the experiments 
below room temperature. About 30 liters of water circulating in a 
storage reservoir was cooled by an electric refrigerating unit and the 
temperature was controlled by a kerosene-filled thermostat. The 
cooled water from the reservoir was led by gravity through several 

(ifferent flow lines on the apparatus and emptied into a small centrifu- 
al pump which returned it to the reservoir. The reservoir and flow 
ines were insulated with wool to avoid dew and excessive loss in 
refrigeration. 

In all experiments starting near 0° C, the cooling water was main- 
tained at a constant temperature by circulating over a layer of ice 
frozen to the refrigerator unit. In order to have the cooling water 
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temperature somewhat below 0° C to compensate for heating in tly 
flow lines, enough ethyl alcohol was mixed with the water to lower th 
freezing point in the reservoir by the required amount. A specj 
device was used for maintaining a covering of ice on the cooling yy " 
This device consisted of a straight tube with a small open end whic 
rested against the unit. Thus tube was filled with water from t) 
reservoir and the end sealed shut with ice as soon as ice began to fory, 
on the unit. Further freezing displaced the water in the tube an 
actuated the thermostat in the usual manner. 


8. MEASURING INSTRUMENTS ANDsCALIBRATIONS 


The water samples were weighed by the method of substitution 
using a balance having a capacity of 2 kg. Below the balance pans 
there was a closed cabinet in which the water containers, tare cop. 
tainers, and counterpoises were suspended. The platinum-plated 
brass weights used were calibrated at this Bureau. Corrections wer 
made for buoyane y of the air on the brass weights. Since the water 
sample is in a closed container, no correc tion for the air buoy: ancy on 
the sample is necessary. Correction for air buoyancy on the con- 
tainer was avoided by using counterpoises having approximately the 
same displacement as containers. 

A Wolff-Diesselhorst potentiometer was used for measurements of 
current and potential drop in the calorimeter heater. <A 0).1-ohm 
four-terminal resistor in series with the heater was used for the current 
determination and a 1,000 to 1 ratio volt box for the potential drop. 
Correction was made for the fraction of the main current ; ia 
through the volt box, whose resistance was about 20,000 ohms. The 


potential drop in the calorimeter heater was measured by means of 
the two potential leads which join the current leads at points which 
had been chosen to account properly for the heat developed in the 
current leads between the calorimeter shell and envelope. 

All electrical-measuring instruments were carefully calibrated 
several times during this series of experiments. The standard resis- 
tors and the volt boxes used were calibrated before, during, and after 


f 
the series of measurements and showed no significant changes. The 
potentiometric measurements of power input were referred to a group 
of three cadmium standard cells. These cells were of the saturated 
type and were maintained at a constant temperature in a special 
temperature-controlled box described by Mueller and Stimson [7), 
Frequent calibration of the standard cells proved their reliability to 
about a microvolt. 

The Wolff-Diesselhorst potentiometer which was available for this 
work was not ideally adapted to these measurements. The calibra- 
tion of the potentiometer showed a seasonal variation of ne: arly 1 part 
in 10,000 and a smaller daily variation. A scheme was devised using 
two permanent standard resistors to calibrate the potentiometer in 
place. By making this calibration two or three times a day, errors 
due to changes in the potentiometer were avoided. 

The potentiometer was intended for use with standard cells having 
voltages between 1.01800 and 1.01930. The saturated stand: rd cells 
at the temperature used in these experiments, however, gave about 
1.01762 v. It was necessary, therefore, to set the potentiomete! 
arbitrarily for some voltage in its range of adjustment and to correct 


for the true standard-cell voltage. In practice, the potentiometer 
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was set for a standard-cell electromotive force of 0.0005 v higher than 
that of the standard cells used, thereby giving a correction to each 
potentiometer reading of about 1 part in 2,036. This correction 
appears in the sample computation sheet as “correction for potentio- 
meter ratio.” 

The description of the temperature-measuring instruments and 
their calibrations is given in the preceding section, ‘“Thermometric 
installation.” 


Part 2. Heat Capacity of Water in the Range 0° to 100° C 


I. INTRODUCTION 


The heat capacity ? of water has been the subject of various experi- 
mental determinations extending back to the time of Regnault. Some 
of them have been inspired by the usefulness of water as a calorimetric 
medium and definitive standard for determining heat capacities, while 
others have had for their objective the evaluation of the “‘mechanical 
equivalent of heat.’ The study of these past measurements for 
appraisal and correlation of results has been the subject of many 
reviews and reveals diligent effort to overcome inherent obstacles to 
accuracy in heat measurements by developing refinements of labora- 
tory technique. During this development, the art of calorimetry 
has been far advanced by the evolution of standards and technique in 
electrical measurements of temperature and energy. 

Notwithstanding all the advances in the laboratory arts, the appraisal 
of past experimental results has been unsatisfactory because so 
many uncertain factors have been involved regarding former units, 
standards, and calorimetric technique. Consequently, any inter- 
pretation of past results is subject to some arbitrary choice, and the 
various reviews have failed to bring the results into the accord to be 
expected from the accounts of the experimenters. 

In 1921 the Cambridge, Mass. [8], conference on the properties of 
steam, as their first recommendation, made the proposal ‘“‘the specific 
heat of water should be determined with the greatest possible accuracy 
up to the boiling point of water at atmospheric pressure for the more 
accurate determination of the mechanical equivalent of the mean 
heat unit.”’ 

Measurements made at the National Bureau of Standards and 
published in 1930 included data on the heat capacity of saturated 
water between 0° and 100° C., from which the specific heat at one 
atmosphere pressure could be derived. Since the experiments were 
not made especially for establishing accurate specific heats, the 
derived values were of only moderate precision. They have never- 
theless been used in preference to earlier data as a basis for measure- 
ments of the enthalpy of superheated steam by several of the labora- 
torles cooperating in the international steam research project. Recog- 
uzing that the accord of steam data was limited by the uncertainty 
in the values of the specific heat of water, the Third International 
Conference on Steam Tables [9], held in America in 1934, adopted a 
recommendation “that new measurements of the enthalpy or total 
heat of water between 0° and 100° C be undertaken by the National 


lace 

__,_ueexpression “‘heat capacity” is used in this paper in the genera! sense of the energy required to produce 
lange of temperature, without necessarily restricting its application to unit mass, to unit temperature 
lange, or to derivatives only. 
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Bureau of Standards to provide greater accuracy in these values fo, 
use in other calorimetric measurements.” The present series of 
measurements was undertaken in response to this request and j) 
extension of the program of steam research already completed. 

In planning the work, it was the aim to provide for refinement o 
the technique of heat-balance accounting comparable with the acc. 
racy of the temperature and power measurements, and if possible, to 
avoid an error of more than 1 part in 5,000 in the final results. To dy 
this, it was necessary to design the new calorimetric equipment de- 
scribed in part 1 of this report. 


II. METHOD AND APPARATUS 


The method and apparatus have been described in detail in part | 
of this report, and therefore will be given only very brief mentioy 
here. The apparatus consisted essentially of a metal calorimeter 
shell containing a quantity of water, part liquid and part vapor 
Immersed in the water are an electric heater and a circulating pump, 
Valves provide for filling and emptying the calorimeter. The calo- 
rimeter is well insulated from its surroundings, which are controlled to 
its temperature. Resistance thermometers and thermoelements an 
used in measuring temperatures. 

In the measurement of heat capacity, the calorimeter with a sample 
of water was heated over a measured temperature range. By making 
some experiments with the calorimeter nearly full of liquid water, and 
others with it nearly empty, the tare heat capacity of the calorin- 
eter was accounted for and there was obtained the change of a 
quantity called alpha, a, which is a property of the water alone. 
This quantity alpha differs from the enthalpy, or heat content, H, 
of saturated liquid water by another quantity beta, 8. In other words, 


a=H—B 


The quantity beta, 8, had been measured calorimetrically in previous 
experiments at higher temperatures. However, between 0° and 100°C, 
it is so small that its value can be calculated from other data with 
greater accuracy than can be obtained by calorimetric measurements. 

In addition to the enthalpy, H, of saturated liquid, values of specific 
heat, etc., may be derived. 


III. EXPERIMENTAL PROCEDURE 


In the heat-capacity measurements it was necessary to measure the 
amount of water subjected to the process, the amount of energy ex- 
changed, and the change in state produced. It was the aim to account 
accurately for all three of these main factors. The following descmp- 
tion of the experimental procedure indicates how these essential ac- 
countings were made, 


1. ACCOUNTING FOR MASS OF WATER 


The mass of water subjected to a change of state enters as a direct 
factor in the reduction of the data. The results, therefore, would be 
no'more reliable than the determinations of the masses. Special care 
was therefore taken that the weighings were accurate and/free*from 
systematic errors. An account was kept of the amount in the calorin- 
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oter at any time and a check made by completely exhausting and 
eighing each charge before refilling with a new one. 

The water used in these experiments was purified by preliminary 

‘stillation and then redistilled in a specially designed still under a 
pressure of about 0.1 atmosphere for the purpose of removing dissolved 

vases. These gases were removed by continuously withdrawing a 

art of the mixture of gas and water vapor from the condenser of the 

‘ill. This kept the partial pressure of the gas at the condensing 
surface less than 0.001 atmosphere. The fraction of gas dissolving in 
‘he condensing water at this low pressure was too small to have any 
jonificant effect on any of the measurements. 

‘The purified sample of water was then transferred from the still 

o an evacuated conti uner, which was then weighed. When filling the 
ies ter, this container was connected to the evacuated calorim- 
eter, as shown In figure 3, and the connecting line evacuated. The 
water was transferred by gravity from the container to the calorim- 
eter, leaving only a few grams in the container and line. The water 
in the line was collected and weighed by pumping through a detach- 
able liquid-air trap in the vacuum line. The container with the water 
remaining in it was then reweighed. From the weights of the con- 
tainer before and after filling the ¢ alorimeter, and the weight of the 
water from the line, the amount of the water in the calorimeter was 
obtained by differences. When emptying the calorimeter, a similar 
procedure was followed, except that the water container was placed 
helow the calorimeter, so that the water would flow from the calorim- 
eter down to the container. The water remaining in the line and 
calorimeter was accounted for by condensing in liquid air and weighing 
as before. 

The same charge of water was usually left in the calorimeter for 
several days’ experiments. Comparison of the amount put in with 
the amount taken out was a check on the accuracy of accounting for 
themass. Such a sum check was carefully kept in this work, and when 
the accounts did not agree, the results were discarded. Usually the 
cheek was to about 0.020 g, which amounts to about 1 part in 50,000 
ina 1-kg¢ water sample. 


2. ACCOUNTING FOR ENERGY 


Measured energy was supplied electrically to the calorimeter and 
contents by means of the calorimeter heating coil installed within the 
calorimeter shell and immersed in the water sample. Power was 
upplied by a separate storage battery of large current capacity. 
Potentiometer readings of current and potential drop across the 
calorimeter heater were made periodically for obtaining the energy 
added electrically, as described later. Reduction of these readings 
took account of the timing of the readings and of the slight gradual 
change in power which sometimes occurred. 

In order to avoid too rapid an initiel change when the current was 
switched to the calorimeter heater at the start of an experiment, a 
substitute resistor was used to steady the battery output. Between 
heating periods, the battery current was adjusted to a selected value 
to make the final temperature of the calorimeter come’ close to the 
desired even temperature after the power had been on an integral 
tumber of minutes. It was usually possible to adjust the current, 
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so that the final temperature would be within 0.01° C of the desire, 
temperature. 

The resistance of the calorimeter heater increased, during the firs 
few seconds after the power was switched on, until the resistor te mper- 
ature had reached a steady value. Since this change was practic; 
completed before the first current reading was made (4% min - 
the start), the correction for it was determined by separate experi. 
ments. The correction for the current change was found by leaving 
the galvanometer connected when the currect was shifted to th; 
calorimeter and observing the deflections periodically for 15 se, 
The integral of the galvanometer deflections over this time was used 
to compute the starting correction to the current. The starting cor. 
rection for the potential drop, which is of the opposite sign, wa: 
obtained in a similar manner. These corrections were then combine 
to get the energy correction. This amounted to only 1 part in 10,00) 
of the whole energy input, even in the extreme case. 

The shift in current from the substitute resistor to the calorimet, 
heater, was made automatically by means of double-pole double. 
throw switch, which was actuated by a tensed spring and released by 
the electric seconds-signals furnished by the standard clock. Since 
the heating periods were integral numbers of minutes, no significant 
errors have been attributed to the mechanism for transmitting the 
electric signals from the clock. Some experiments made to deter- 
mine the time error due to the switch showed it to be 0.002 sec. or less 
and therefore insignificant. 

The auxiliary electrical-measuring apparatus used in the measure- 
ment of the power and its calibration have been described in part 1, 
The routine of current and potential-drop observations for evaluating 
the power input are described later in the description of heat-capacity 
measurements. 

The small amount of energy transmitted to the calorimeter by th: 
pump and appearing as heat added was included in the accounting 
for total energy added in any experiment. The pump speed was kept 
constant at approximately 70 rpm, by a geared drive from a synchro- 
nous motor. Determinations of the pump power thus dissipated as 
heat were a part of the regular routine of the entire experimental 
program. These determinations were made calorimetrically by 
observing the rise in temperature produced in the calorimeter by 
running the pump alone with no electric-power input, keeping contro! 
and account of heat leak just as in a heat-capacity measurement. 
These pump-power experiments usually lasted for half an hour and 
the energy per minute was derived for each. 

About 70 pump-power determination were made during the series 
of heat-capacity experiments. Pump-power determinations were 
made with both large and small masses of water in the calorimeter 
and, at one time or another, at most of the even temperatures where 
stops were made in the experiments. These determinations gave 
values of pump power about 0.2 to 0.3 j/min. After a study of the 
resulting values of pump power, simple formations were derived for 
use in calculating pump energies in the heat-capacity experiments. 

The accidental variation of the observed pump power from the 
general mean was larger than could be accounted for by the uncer- 
tainty of the temperature measurement, but this was usually not 
—_ than would correspond to about 1 part in 20,000 in the value of 
alpha. 
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The characteristics of the pump, i. e., speed, power input, and 
corresponding heat-distributing effect, had been investigated by pre- 
liminary measurements before installing the pump in the calorimeter 
shell and served as a guide in choice of speed for the most advantageous 
operation in the final measurements. 

The control and evaluation of heat leak is a vital part of any calo- 
rimetry when high precision is sought. The means provided for this 
purpose have been described in part 1. In operation, there were 
usually shght deviations from the ideal control which would nullify 
heat leak. The small corrections for this remaining heat leak were 
evaluated with the aid of the differential thermoelements, which 
indicated temperature differences between the calorimeter and its 
envelope by the number of microvolts. These differences were ob- 
erved every minute and added algebraically to give sums in micro- 
volt-minutes, called ‘“‘heat-leak factors.’’ These factors, when multi- 
plied by “heat-leak coefficients,” give the heat-leak corrections for 
the individual experiments. As previously stated in another way, 
he calorimeter was designed to make the coeflicient small by con- 
struction and by evacuation of the insulating space, and means were 
provided to make the factor small by manipulation of the envelope 
temperature. 

The total heat leak as determined experimentally consists of several 
parts, designated as “envelope,” ‘‘upper-tube,” and “lower-tube”’ 
leat leaks. The envelope heat leak is the chief part and results 
mainly from radiation between the surface of the calorimeter and of 
the envelope. ‘The two tube heat leaks account for the heat transfer 
by metallic conduction along the tubes between the calorimeter and 
envelope. These tube heat leaks were nearly proportional to the 
envelope heat leak but not always exactly so for all experimental con- 
ditions, and therefore they were corrected for separately. Their 
coefficients were computed with sufficient accuracy from the knowl- 
edge of their dimensions and the thermal conductivity of their 
material. 

The envelope heat-leak coefficient (in joules per microvolt-minute) 
was determined experimentally during the early part of the program 
ind were checked occasionally later. This was done by exaggerating 
the temperature difference between the envelope and the calorimeter 
for a suitable time, observing this temperature difference and the 
two tube-temperature gradients every minute by means of the 
thermoelements, and summing these thermoelement indications (in 
microvolt-minutes) for the whole period to give the heat-leak factor. 
The total energy change in the calorimeter was computed from the 
measurements of the calorimeter temperature before and after this 
exaggerated heat leak. This energy, when corrected for the pump 
energy and the upper- and lower-tube heat leaks, was divided by the 
heat-leak factor, to give the envelope heat-leak coefficient, in joules 
per microvolt-minute, at the mean temperature of the experiment. 
This coefficient included, beside the radiation, any conduction (except 
by the two tubes) which was proportional to the temperature differ- 
ence between the shells. This accounted for conduction through the 
heater and thermoelement wires. The gaseous conduction between 
these shells was probably negligible with the evacuation (less than 
).000,001-atmosphere pressure) maintained during all the experiments. 
The factors of the three heat leaks were determined from observa- 
lions made every minute during the experiments and were summed 
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algebraically for the whole periods. The experimental manipulati 
was usually such as to make the envelope heat-leak factor very sma! 
During the heat-capacity experiments, the entire heat-leak correetin 
would seldom affect the mdividual results by as much as 1 part j) 
50,000. It might be thought that corrections as small as these coy] 
have been disregarded, but had they not been regularly observed they 
would be no assurance that they were always insignificant. 

The lower tube was always full of liquid, and precautions woy, 
taken to keep this tube always cool enough to prevent boiling, whic) 
might have caused transfer of heat to the calorimeter. 

In addition to the various heat leaks mentioned, there is the possi- 
bility of a residual heat leak which could have been overlooked in thy 
accounting for energy. This residual heat leak would be one whic! 
still occurred when everything else was eliminated and could }y 
observed during periods when the pump was stopped and all othe: 
heat-leak factors kept as near zero as possible. A few such exper- 
ments were made but gave little more than a detectable coefficient 
These experiments were discontinued, because whatever this residy 
heat leak was, it was included always in determinations of the puny 
power and therefore not neglected. 

In the heat-capacity experiments, the usual?procedure was to start 
observing the calorimeter temperature at 3 min after the end of th 
heating period. Investigation showed that thermal equilibrium was 
not complete in that time and that a small correction should be mad 
if that temperature were used. This correction was found to be ; 
function of the amount of water in the calorimeter and the tempers- 
ture of the experiment. Although it was very small, it was applied 
to all heat-capacity experiments. 


3. ACCOUNTING FOR CHANGE IN STATE 


The temperature of the calorimeter and contents was measured 
by a platinum resistance thermometer used in conjunction witli 
thermoelements, as previously described. The temperature chang: 
of the calorimeter and contained water sample was thus accuratel) 
observed in all experiments. All observed temperatures are expresse 
on the International Temperature Scale. 

For determining either the initial or final temperature, each te 
perature reading consisted in simultaneous observations of resistan 


thermometer and thermoelements. The eight thermoelements on tli 
calorimeter were connected in series to indicate the mean tempera- 
ture of the calorimeter with respect to the reference block. Fou 
successive temperature readings were made at half-minute intervals 
This method of making several successive temperature readings 1s 
desirable for several reasons. The four-lead potential-terminal t- 
sistance thermometer requires at least two observations to elimina 
the lead resistance from the measurement. Increasing the numbe! 
of readings decreases the accidental error of observation. <A regula! 
schedule of readings takes account of slight drift in temperature. 

A change in the proportion of liquid and vapor in the calorimete! 
occurs in the experiments. This change is analyzed in the theor 
of the method and is accounted for by use of the supplementar) 
quantity, which is designated as B. 

Special details of the experimental procedure that apply to the 
sarrying out of the calorimetric measurements will next be described. 
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4. DESCRIPTION OF HEAT-CAPACITY MEASUREMENTS 


t will be recalled that these experiments yield values of the change 
vith temperature of the quantity a. pp ore algebraically with 
orresponding changes of the quantity 6, obtained from calculations, 

the data suffice to determine the ch: ange in enthalpy, //, of the saturated 


( 


(I uid. 


“The procedure in these heat-capacity experiments consisted essen- 
tially in heating a sample of water, part liquid and part \ apor, over 
, accurately mes asured temperature range and in accounting for 
the energy added in the process. ‘Two such heat- capacity deter- 
jinations, a gross and a tare, are required for an evaluation of the 
hange in a “These two determinations over the same temper- 

ature Interv: al are made with different amounts of water, always 

aintaining the saturation condition. One determination, made 

ith a large charge, yields a gross value of energy added. The other, 
ae with a small ch: arge, yields a tare value. The difference, or 
net value, of energy - added, divided by the net mass, gives the value 
{ the change in a for that temperature interval. This method of 
differences avoids the necessity of determining the heat capacity of 
the empty calorimeter. 

In an experiment starting, for example at 0° C, the calorimeter i 
irst cooled by the following procedure. The cold water from the 
cooling tank, where the temperature is a few tenths of a degree below 

C, flows through the condenser (W171 in fig. 3) located at the top of 
the main steam jacket, the condenser, W2, located at the top of the 
reference block steam jacket, the guard cooling coil, W3, and the 

stulling-box cooling cell, W4. The space between the envelope and 
calorimeter is filled with helium to increase heat transfer between the 
two. Heat from the calorimeter and contents is transferred to the 
colder surroundings until the temperature of the calorimeter and 
contents is about 0° C. This process took many hours when the 
calorimeter contained a large charge and was usually done overnight. 
Ina few of the experiments starting near zero the temperature of the 
calorimeter and contents was reduced to a few hundredths of a degree 
below zero. At no time was there any evidence of freezing in the 
alorumeter. 

The envelope and the reference block are then brought to the 
temperature of the calorimeter. The helium is then pumped out of 
the envelope space to reduce heat transfer. The circulating pump 
is started at the desired speed, and the apparatus is ready for the 
beginning of an experiment. 

The equilibrium temperature of the calorimeter and its contents 
is observed as described in section 3. The storage battery is con- 
nected to the calorimeter heater by the switch actuated by the time 
signals. At about the same time, the power is supplied to the envelope 
heater and reference-block heater. The currents in these heaters are 
adjusted so that the temperatures of the envelope and reference block 
stay very close to the temperature of the calorimeter. ‘The differential 
thermoelement indications for determining the heat leak are observed 
ilmost continuously and recorded once each minute. One or more 
complete surveys with all thermoelement combinations are usually 
recorded in each individual experiment. The current and potential 
drop in the calorimeter heater are observed on alternate minutes start- 
ing with the first half-minute of the interval. The calorimeter heating 
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is continued for an integral number of minutes and stopped when tly 
desired temperature interval has been completed. 

The rate of heating was chosen as 0.5° C/min, and the calorimete; 
heater current was adjusted before the beginning of each experiment 
so that after the integral number of minutes, the calorimeter tempery. 
ture ended very close to the desired even temperature. The envelope 
and reference-block heater currents were adjustable to keep the tem. 
peratures of the envelope and reference block very near that of {hp 
calorimeter at all times. After several minutes, to allow the calorin. 
eter and contents to come to temperature equlibrium, the final temper. 
ature was observed. This completed the heat-capacity experiment, 

Two groups of such experiments were made, one with large charges 
of water in the calorimeter and the other with small charges. The 
experiments with small charges may be regarded as determinations 
of the tare-heat capacity of the calorimeter. Choice of the extent of 
the temperature intervals was governed by the rate of change of heat 
capacity with temperature. It was found that 10° intervals wer 
suitable to determine the trend over most of the temperature range 
Toward 0° C, where the change was increasingly rapid, the shorter 
intervals of 5°, 2.5°, and finally 1° C, gave more convincing evidenc 
about this rate of change, even at the cost of some loss in the percent- 
age of accuracy of the intervals. 

During the heat-capacity experiments, the upper tube was close 
at both its upper and lower ends by metal disks. In this way, possible 
error from condensation of water in the upper tube was avoided 


IV. RESULTS OF HEAT-CAPACITY EXPERIMENTS 


The observations made during the experiments were recorded on 
separate laboratory-data sheets as soon as they were made. The com- 
putations from these sheets were often begun before all of theday’s 
data sheets had been completed, and it was the rule to have prelim- 
inary results of the data for one day before the experiments of the next 
day were under way. This made it possible to arrange the day’s ob- 
servations with the full knowledge of what was most needed and what 
special precautions, if any, needed to be taken in observing. As more 
data were collected, it was possible to get and use more complete 
knowledge of contributory results, such as pump power, heat-leak 
coefficients, etc., that enter into the final reductions. Lastly, corree- 
tions were made for all known factors. The energies thus determined 
for the actual temperature intervals were then interpolated to even 
temperature intervals. These were reduced to determinations of the 
change of a over separate temperature intervals. These data were 
then formulated for use in the computation of tables and for compu: 
tations involving the heat capacity of water. ; 

In table 1, a typical data sheet is shown for a ‘“‘large-mass”’ exper'- 
ment made with 1,093.647 g of water in the calorimeter. The observa- 
tions recorded under ‘“‘Power” consist of the potentiometer readings 
of potential drop and current in the calorimeter heater after applying 
the decimal factors for standard resistor and volt box to reduce the 
readings to volts and amperes. Under “Thermometer’’ are given both 
“normal” (N) and “reverse” (R) bridge readings of the resistance of 
the thermometer in the reference block. The remaining observations 
are thermoelement readings, in microvolts. The column “Calorimete! 
minus reference block” shows the thermoelement readings of the eight 
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thermoelements (J7'+JB) used in the measurement of the average 
temperature of the calorimeter. Under ‘‘Envelope minus calorimeter” 
are recorded the readings of the eight thermoelements on the enve- 
lope (JU+dJL) opposed to the eight on the calorimeter (J7'+JB). 
The column ‘‘Lower tube” shows the indications of the thermoelements 
Jg9—J8), while the column ‘‘Upper tube” shows (J7—J5). In the 
last column, a survey of thermoelement indications is shown, starting 
just after the routine observations at 11:57. At least one such survey, 
taking less than a minute, was made in each experiment. 


TABLE 1.—Sample data sheet 


(Temperature interval 25° to 30° C fot October 27, 1937] 


Power Thermoelement readings 
| ‘Thermome- | 
| ter, Calorim- | Enve- | 
| | Bridge eter lope | 
Current readings | minus | minus | 

| reference ealo- 
| block rimeter | 


| | 
| | Survey of 
Lower | Upper | other 
tube | tube thermo- 
| elements 


Poten- 
tial drop 


amp Ohms 
| 30.41524 N 

30. 41517 

30. 41516 
30. 41524 N 


0. 60268 | 
60269 | 


60274 | 


JU 
JL 
yr 
J 

| Jl 

| J5- 

| J 
J 


. 60278 | 


60283 |_- 





30. 96171 N 
30. 96162 
30. 96165 
30. 96171 2 





Table 2 shows a computation sheet, using the data given in table 1. 
The first step is the calculation of the temperature of the calorimeter. 
The average of the first four bridge readings is taken as the resistance 
of the thermometer at the mean time. Using the thermometer and 
bridge calibrations, the temperature of the reference block correspond- 
ing to this resistance value is obtained. Likewise, the average of the 
irst four readings of the thermoelements (J7'+J8) is found and from 
this and the calibrations, the difference in temperature called ‘‘temp. 
cal. minus temp. ref. block” is obtained at the same mean time. 
Combination of these temperature measurements gives the initial 
temperature of the calorimeter at that time, considered as the begin- 
ning of the experiment. The same method is used in the computation 
of the final temperature. 
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TABLE 2.—Sample computation sheet, using data shown in table 1 


(Temperature interval 25° to 30° C 


Steps in computations 


Average of bridge readings 
Temperature of reference block 

A verage thermoelement reading 
Temp. cal. minus temp. ref. block 


lemperature of calorimeter 


Average of potentiome ter readings 
Correction for timing of readings : 
Potentiometer calibration correction 
Correction for potentiometer ratio- 
Volt-box current __ - 


October 27, 1937] 
Temperature 
Initial 


30. 41520 
25. 0034 

—0. 50 
— 0.0010 


25 0024 | 


Energy 


| Potential drop Current 


0 | 
65. 9640 | 
0.0001 | 
. 0090 
—. 032 


Correction for volt-box factor. | oo11 | 
Correction for standard resistance factor ; 


Electric energy for 600 sec. 

Pump energy for 15 min ; 
Envelope heat leak (for —2 ww min) 
Lower tube heat leak (for —36 ut min) 
Upper tube heat leak (for 50 yo 1 
Starting correction_____- 

Equilibrium correction 


Energy added to calorimeter and contents 
Energy to correct initial temp. to 25° C 
Energy to correct final temp. to 30° C 


Energy for even temp. interval, 25° to 30° C 


The next step is the computation of the electric-energy input to thi 
calorimeter during the heating period, 11:55 to 12:05. The potentis 
drop across the calorimeter heater is calculated from the aver: ze of the 
five potentiometer readings of potential drop. Since these potention 
eter readings are not distributed symmetrically about the middle o! 
the heating period, a small correction is made to account for the dmit 
during the experiment. This is recorded as ‘correction for timing 
of readings.” The “potentiometer calibration correction” 
computed, taking into account the calibrations made during the da\ 
of the experiment. The “correction for potentiometer ratio’ has 
been explained in part 1 of this report under ‘‘measuring instruments 
and calibrations.’’ The correction for the volt-box calibration fact: 
is also recorded. Applying all of these corrections to the average 0! 
the potentiometer readings, the average calorimeter potential drop 
expressed in international volts, is computed. 

Likewise, the average calorimeter heater current (international 
amperes) is computed. In this case, corrections must be made for the 
current through the volt box and for the standard 0.1-ohm calibratio 
factor. By multiplyi ing together the current, the potential drop, and 
the time of electric heating (600 sec), the total electric energy (inter- 
national joules) is computed. 
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The next step is the computation of the total energy ‘ added to the 
calorimeter and contents during the experiment. This is obtained 
by adding to the total electric energy the following small energy 
soprections. ‘The pump energy is calculated from the value of power 
formulated from pump-power experiments. This pump power was 
multiplied by the time of the experiment (15 min) to give the pump 

erzy. ‘The three heat leaks (envelope, upper tube, and lower tube) 
were computed by summing the thermoelement readings from table | 
to give heat- leak factors in microvolt-minutes. These factors were 
multiplied by their respective heat-leak coefficients to give the heat- 
leak corrections. The “starting correction” and ‘equilibrium cor- 
rection,’ which have been described in the previous section, were 
calculated from the results of the special experiments. The sum of 
the electric energy and all the energy corrections gives the entire 
energy added to heat the calorimeter and its contents from the initial 

emperature, 25. (024° C, to the final temperature, 30.0028° C. 

th the reduction of the results, it was convenient to use the even 
temperature interval 25° to 30° C. Therefore, corrections were made 
for the small deviations of the measured temperatures from the 
ineniees even temperatures. Only approximate values of the heat 
apacity of the calorimeter and contents were necessary to make these 
corrections. ‘The resulting energy is recorded as “energy for even 
temperature interval,” and will be re ferred to as AQ. 

The sample computation just described is one of the 256 assembled 

table 3. This table contains the substance of the principal data 
nd preliminary reductions of the heat-capacity experiments made 
with a large mass of water in the calorimeter. Table 4 contains a 
similar assembly of the principal data of the 137 experiments made with 
:small mass of water. These two tables comprise an abstract of the 
record of all the experimental data which were accepted as trust- 
vorthy. Only those experiments in which the technique was faulty 
the record incomplete were excluded. Further reductions of these 


; data are included in these tables, as next deseribed. 


Nach experiment for the temperature interval At gives a value of 
\Q which, according to the theory [1], should satisfy the equation 


AQ AZ, MAa 
At Att At’ 
where \7 is the mass of water in the calorimeter, AZ/At is a property of 
the calorimeter independent of the amount of water in it, and Aa/At 
sa specific property of the water. By taking all the equations for 
one temperature interval for both the large- and small-mass experi- 
nents, it is possible to solve for the Aa/At and 4Z/At for that interval 
by the method of least squares, as was done in previous publications. 
Actually, however, since approximate values of Aa/At were available 
from previous researches, it was found expedient to solve for pre- 
iminary values of AZ/At as the experimental work progressed, using 
these tentative values of Aa/At together with the data from experi- 
ments with small mass. These values of AZ/At were smoothed by 
formulating dZ/dt and were then used with the large-mass data to 
compute corresponding values of Aa/At. Successive substitutions 
{these tentative values of AZ/At and Aa/At gave rapid approach to 
ls limiting mean values, since the ratio of ‘the large to the small 
nasses Was usually about 8.6. This method of reduction facilitated 
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the preliminary survey of results as the experimental data aceyny, 
lated and served as a guide in the choice of temperature interys 
best suited to determine the trend of the heat-capacity curve. ; 

As finally reduced and recorded in table 4, the result of each oy. 
periment with small mass constitutes a separate determination 
AZ/At, and the entire series of these results is a calibration of ty 
calorimeter. Similarly, the result of each experiment with lar 
mass, as reduced by use of the calibration results and recorded j 
table 3, constitutes a separate determination of Aa/At, and the entin 
series is a determination of the heat capacity of water in the rangp 
0° to 100° C. ? 

A comparison of the individual results with the average yalje 
indicates the degree of consistency of the measurements, and com. 
parison of the averages with the formulated values indicates the 
degree of consistency of the trend with temperature. The manner 
of formulation of these results will next be described. 

Since all experiments are necessarily made over finite temperatur 
intervals, the results, in terms of increments Aa/At and AZ/Af, diffe; 
slightly from the corresponding derivatives, da/dt and dZ/dt. These 
differences were computed by use of preliminary approximate equa- 
tions and were used to get the corresponding values of da/dt an 
dZ/dt® at the mid temperatures to be fitted by formulas. 

The empirical formula chosen for dZ/dt has the following form: 


dZ/dt= A+ Bt+ C(t+60)>", 


The final coefficients determined from the average values of AZ/Ai 
listed in table 4 are A=168.69, 2L=0.089, and C=68.85214 «107 
where ¢ is in degrees centigrade and dZ/dt is in international joules 
per degree centigrade. Values of AZ/At calculated from this formula 
are given in table 4 as formulated values of AZ/At. It appears that 
a further adjustment of the dZ/dt formulation by another approxi- 
mation would have changed the final value of da/dt by about 1 part i: 
80,000 at 0° C and by successively smaller amounts up to 100° ( 
This change was considered as sufficiently insignificant to be neglected 

The formulation for da/dt was based on the values of Aa/At giver 
in table 3. The average values of Aa/At were computed for each of 
the 20 temperature intervals and then corrected for deviations from 
the derivatives to get corresponding mean values of da/dt. It is obvi- 
ous that some of these experimental means should have more weighit 
than others. For example, the 19 experiments over the 10° interval 
from 40° to 50° C should have more weight than the 4 experiments 
over the 1° interval from 0° to 1° C. The means were therefore 
weighted approximately proportionally to the number of experiments 
times the number of degrees in the interval. A least-squares solution 
was then made for the constants in the following empirical equation: 


da/dt= A+ Bt+ C(10)~°-%*, 


The constants were found to be A=4.1699, B=0.000 015 27,and 
C=0.0467, where ¢ is in degrees centigrade, and da/dt is in interna- 
tional joules per gram-degree centigrade. Using this equation, the 
values of Aa/At for each of the intervals have been computed and are 
recorded in table 3 for each interval. The deviations from these 
formulated values are tabulated in the last column of table 3. 
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it may be seen from table 3 that in the later experiments there is a 

trend to lower values of Aa/At. The experiments above 5° C made 
after October 28, 1937, show values of Aa/At which aver: ie about 1 
part in 10,000 less than those before that date. No explanation is 
ofered for this change, and the fact is taken merely as evidence of the 
imitation of accuracy ‘due to unknown systematic causes. 

Since the specific heat at ordinary atmospheric pressure is the prop- 
erty of water most commonly utilized for calorimetric purposes, this 
property was determined by further reduction of the experimental 
average Values of Aa/At given in table 3. This computation will next 
he dese nied. 

The reduction may be considered in three steps, which are indicated 

table 5, starting with the average of the measured values of Aa/At. 
At saturation pressure, the mean enthalpy change, A/H//At, exceeds 
\a/At by the quantity Ag/At, as shown in the theory. The values of 
this reduc - term, as given in column 3, were calculated by the 
elation B= TudP/dT, as explained in part 1 of this report. Values 

the specific volume, wu, were obtained from the density data of 
Chappuis [10] up to 50° C and of Thiesen [11] up to 100° C, and the 
ompressibility data of Smith and Keyes [12]. Values of dP/dT were 
btained from an unpublished formulation of the vapor-pressure data 
the Reichsanstalt as reformulated by Harold T. Gerry and used for 
the saturation pressure table by the International Steam Conference 
if 193 t [9, 36}. 

Next, values of the term for reduction to mean enthalpy change at 
|-atmosphere pressure, (AH/At),.,— (AH/At) sa1., a8 given in column 4, 
were calculated by the relation 

(=). V1 d\ 

(aP),-¥- Gr), 
ising the same data as above. There is still the difference between 
the n ean value of the change of enthalpy per degree at 1 atmosphere 

7 the derivative, C,- , the desired specific- heat value at the mid- 

mperature of the bindee al. This reduction term, C,.,— (AH/At) p24, 
civen in column 5, was computed by using a preliminary approximate 
equation for C, 

The 20 expe rimente al values of C, in column 6, which were obtained 
by applying the three reduction terms just described, were then 
formulated, using the same weighting factors previously used in the 


formulation of da/dt. After tests of types of functions to represent 
the experimental data, the empirical equation finally chosen was 


Cyt A+ Bet +-100)* 26 _| \- ¢ 1(10)—0-0368. 


The coefficients were determined by least squares to be A= 4.169 036, 

5=0.000 3639(10)-", and C=0. 0467, when t is expressed in degrees 

tigre ide, and C, in international joules per gram-degree centigrade 

“atmosphere pressure. Both the formulated and the experimental 

lues of C, are given in table 5, together with the deviations. The 
erga peratures of the temperature intervals are given also. 


cure 4 shows graphically the comparison of the experimental 
es with the formulated values of C,. In this figure the areas of 
the circles representing the observed means are made proportional to 
the Weights assigned in the formulation. In other words, the larger 
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circles indicate that more experiments or larger temperature interyy), 
are represented. The degree of accord of the formulation with 
experimental results shows that this fairly simple empirical] equatio, 
is adequate to represent the results over the entire 100° Cirang 
However, this agree ment must not be taken’as an estimate of th, 
accuracy of the results, since it takes no account of unknown syste 
atic errors, which may well be larger than the accidental errors, 
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Figure 4.—Deviations of mean measured Cy from formulation. Areas of ¢ 
are proportional to the weights assigned to the mean values. 





Figure 5 shows a comparison of the heat capacities. It should be 
noted from the figure that the scale of the heat capacities is very 
much exaggerated and that the extreme range of the values of 
between 0° and 100° C is only about 1 percent. The da/dt line gives 
essentially the measured values of heat capacity. The departure oi 
the (dH /dt).a line from the da/dt line represents the*magnitude of 
the d8/dt reduction. The difference between the C, line and the 





COMPARISON OF 
HEAT CAPACITIES 





>: 40 50 _6/0 
TEMPERATURE °C 
Fiaure 5.—Comparison of heat capacities. 








(dH /dt).s, line shows the magnitude of the reduction to 1-atmos- 
phere pressure. The experimental values have not been plotted on this 
figure, because only one or two values would fall outside the width 
of the line 1 in spite of the exaggerated scale. 

Water is often used as a es alorimetric medium and also as a standard 
of heat capacity, as, for example, in a condensing calorimeter for 
measuring the enthalpy of superheated steam or for measuring 








mos- 
this 


‘idth 


dard 


r for 
ing 


weed Specific and Latent Heat of Water, 0° to 100° C yee 
specific heats by the method of mixtures. For such purposes, it is 
yseful to know the integral of the specific heat (C,) function, since 
these calorimetric measurements must necessarily apply to finite 
temperature intervals. A table of values of the integral, giving the 
hes at content, or enthalpy, from 0 to each temperature at intervals of 
> from 0° to 100° C has been prepared for this use. This table has 
heen compiled in terms of absolute joules per gram and international] 
steam-table calories per gram instead of any of the numerous heat 
nits which have been used in the past, and defined variously in 
rerms of.the heat capacity of water. 

Since the absolute practical electrical units are expected to replace 
he present international units on January 1, 1940, it seems desirable 
to use the absolute joule rather than the interns ational joule which 
has been used in the measurements, but which is likely so soon to be 
obsolete. Also since the international steam-table calorie (IT Cal), 
defined as 1/860 int. whr, has now become the basis of heat units 
used In steam tables, values are included in this unit. 

The conversion factor from international joules to absolute joules, 
being based on measurement, can not be exactly known, but the 
uncertainty has been greatly reduced by the more recent measure- 
ments of the absolute ohm and absolute ampere in terms of the 
electrical standards maintained in National laboratories. Since a 
final official figure for this factor has not yet been announced, the 
value 1 int. j=1.00019 abs. j used here was an estimate of the probable 
value of the absolute joule in international joules as derived from 
electrical standards maintained in this laboratory and was based on 
recent measurements, partly unpublished. It is believed that this 
value expresses the equivalent of the units actually used within 1 or 

inits in the last place. 

The equation for C, in international joules per gram-degree centi- 
crade has been converted to absolute joules per gram-degree by multi- 
plying the coefficients by the factor 1.00019, giving the new equation 


C,=4.169828 +.0.000364 (t+ 100)*26 x 10-8 -+.0.046709 (10) ~ 0-036, 


+ 
( 
+ 


where t is in degrees centigrade and C, is in absolute joules per gram- 
legree centigrade at 1l-atmosphere pressure. By integration of 
(dt, the equation for enthalpy, H,, at l-atmosphere pressure in 
ibsolute joules per gram is obtained. Taking the value of HZyat. as 
) at 0° C, the equation is 


H,=0.102559 + 4.16928¢ +- [5.8142 (t+ 100) *26 x 10-5 — 0.563485 (10) — 9-964] to, 


where f is in degrees centigrade, and H, in absolute joules per gram 
at nage ice pressure. 

Values of both C, and H, are given in table 6. The values of H,, 

IT Cal, have been computed from the values i . absolute joules per 
gram by use of the conversion factor 1 abs. }=0.238846 IT ( al. 

This gives values of H, which are larger by 1 part in 100,000 than 
correspond to the present definition of the IT Cal but are in agree- 
nent with a redefinition of the IT Cal as 0.001163 abs. whr, which 
uas been suggested for adoption when the change in electrical units 
takes place. This small discrepancy is less than the amount which is 
Import int in steam tables, and likewise less than the uncertainty of 
the present measurements. 

16291939 —3 
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The enthalpy of saturated liquid water is one of the importay; 
items in the compilation of steam tables. Values of this proper 
were computed by use of the formula for da/dt and values of 8. 

The formula for da/dt in international joules per gram-degra 
centigrade is 


da dt 


By integration, the following 
obtained: 
aly 


oa 


4.1699+15.27 #107°+0.0467 (10) ~°-8*, 


equation for the increment of 


[4.1699¢+-7.635#? X 10-°— 0.56376 & 107° 84]. 

Values of a) computed by this equation, at every 5° point from 
to 100° C, are given in table 7. Values of 8, computed as previous) 
described, are also given. Values of enthalpy are found by addin: 
the increment of 8 to a‘), and are given in the table in internations 
joules per gram and also converted to absolute joules per gram ani 
International Steam Table Calories per gram, using the conversio: 
factors stated above. 


TABLE 3.—Principal data from large-mass heat-capacity experiment 


Energy 
aie | Initial Final for even 
water, M temper- | tempera- tempera- 
| : ature ture ture In- 
| terval 


Heat 


leak 


Pump 
energy 


Int. j 
0.0 


ec | 
0. 9974 | 
. 9522 | 
i. 0068 
- 9938 


ee Int. j_ | 
1093. 989 | vi 47 
603. 781 | 2 
603. 781 
603. 781 


0.0104 | 
. 0565 | 
. 3232 
. 0324 


12-7-37 
12-9-37 
12-10-37 


12-14-37 _ . 


Average. ‘ = 
AZ/At=169.577 int. Formulated value 
int. j/g-°C 


Even temperature interval 0.0° to 1.0° C. §/°C. 


10-27-37 
11-16-37 
11-18-37 
37 
Average 


Even temperature interva 
9-14-37 
9-21-37 


Average 


Even temperature interva 


7 
am 


Average 


F. venttemperature interval of 1.0° to 2.0°C. AZ/At=169 


| 1091. 161 
1092. 517 
1092. 517 
1092. 517 
1093. 647 

| 1093. 647 

| 1093 
1093. 647 | 
1096. 489 

| 1096. 489 


4 1093. 989 


10.0° to 2 


_| 1091. 161 
1091. 161 | 


10.0° to 5. 


1093. 989 | 
603. 781 | 
603. 781 | 
603.781 | 


| —.0376 | 


2.5°C, AZ/At=169.688 int. §/° 


0.1772 
. 4886 | 
. 2433 
. 1884 | 
—. 0385 | 


2. 4587 
2. 4624 
2. 4981 
2. 4990 
2. 5184 
. 4947 
. 4972 
. 4992 
. 4588 
- 4867 | 

5191 | 


eal 
| - 


tor 


.0120 | 

. 0070 | 
—. 0174 
~ .0037 
—. 0586 


to 


ton tb 


int. j/g-°C 


} 
1.3 


-5 


4. 9763 
5. 1873 


sacha | 


int. j/g-°C 


| 

—0.1 | 

0} 
0 
0 


1.0078 | 
. 9518 

1.0041 | 
. 9964 | 


| 
2.0054 | 
1. 9649 | 
2. 0051 
1. 9944 | 
| 


"9 


int. j/g-°C 


C. 


ms) 


11, 918. 
11, 932. 
11, 931. 
11, 932. 
11, 939. 
11, 941. 
11, 941. 
11, 941. 
11, 970. 
11, 971 
11, 945. 


t 


on 


NPrpyprne 


~) 


ee ee ee ee em ee 


ter 


PRCT CrereTe 





o- 
eee aotet a Soe 


i eee ee 


Formulated value 


23, 809.2 | 4. 2083 
23, 806.8 | 4. 2078! 


5.6 
4.1 


| 4.20811 


°C, AZ/At=169.879 int. j/°C. Formulated value of Aa 


. 21118 
4, 21109 
. 21093 


. 21027 


.725pint. j/°C. 





Principal data from large-mass heat-capacity experiments 


| 
| Mass of | 
water, Af 

| 
| 


| | 
| P | 
1093. 989 | 
603.781 | 
603. 781 | 
603. 781 | 


| 
wal 
| 
| 


| | 
| 
e = 


rature interval 2.0° to 3.( 


1091. 161 
1092. 517 
1092. 517 
1092. 517 
1093. 647 
1093. 647 
1093. 647 


| 
“| 


1093. 647 


1093. 647 
1096. 489 
1096. 489 
1093. 989 





| 1093. 989 
603. 781 
603. 781 
603. 781 


perature interval 3.0° to 4.0° C. AZ/At=170.030 int. j/°C. Form 
Oe £1. ort 


| 1093. 989 | 
603. 781 
603. 781 
603. 781 


1091. 161 
1091. 161 
1091. 161 
1091. 161 
1092. 517 
1092. 517 
1092. 517 
1093. 647 
1093. 647 
1093. 647 
1093. 647 
1093. 647 
1096. 489 
1096. 489 
1093. 989 
1093. 989 
603. 781 
603. 781 
603. 781 


| 








if =e 


Initial 
temper- 
ature 


| 


on | 
2. 0054 

1. 9649 | 
2.0051 | 
1.9944 | 





3. 0051 
2. 9776 
2. 9997 
2.9979 


4.0045 | 
3.9911 | 
4. 0005 
4.9993 | 


| 


4. 9763 
5. 0018 
5. 1873 
4. 9962 
4. 9935 
4. 9767 
4. 9990 
§. 0043 
5. 0021 
5. 0025 
5. 0432 
4, 9954 
5. 0011 
4. 9965 
2 4.9701 
5, 0036 
5. 0052 


Final 
tem pera- 
ture 


°C 
3.0051 | 
2. 9776 | 
2.9997 | 
2. 9979 | 


' 
int. j/g-°C 


4. 9962 | 
4, 9935 
4. 9767 
4. 9990 | 
5. 0043 
5.0021 | 
5.0025 | 
5.0439 | 
9961 | 
0015 | * 


int. j/g-°C 


4. 0045 
3.9911 


int. j/g-°C 


5.0036 | 
5.0052 | 
5. 0015 
4. 9990 


int. i/g-°C 


10. 0026 | 
9. 9480 | 
9. 9846 | 
9.9910 | 
10. 0029 | 
10. 0084 
10. 0050 
10. 0104 | 
9. 9988 
10. 0018 
10. 0077 
9. 9905 
10. 0036 
10. 0005 
9. 9808 | 
10. 0067 | 
10. 0755 


! 





® 5.0015 
” 4.9990 | 


| 


10. 0029 
9. 9994 


--| 


int. j/g-°C 


| Heat 
| leak 


=o Ww 


Swwn 


| ww 


3 


| 


int. j/° C. 


formula 


500 0. ce 


6n 69 99 


oe te 


CAHoNwWwnnwwwes 


www 


| Pump 
energy 


ture interval 2.5° to 5.0° C. AZ/At=170.071 int. j/°C. Formula 


Ee tee ee Bee Bot ee Ret Re a oe 


Energy 
for even 
tempera- 
ture in- 


is 


°° C, AZ/At=169.876 int. j/°C. Formulated valu 


| 11, 890.7 
| 11, 905.5 





11, 908. 4 
11, 907.9 
11, 918.8 
11, 922.0 
11, 919. 6 


| 


Specific and Latent Heat of Water, 0° to 100° C 


Aa/At 


4 
4 
4 
4 
4 


ti 
tl 
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Continued 


Jevia- 
n from 


formula 


tion 


j/g-°C\ Int. j/g-°C 
—0. 00072 


20719 


20818 


20802 | 


. 20719 | 


20765 | 


@ of Aa/At= 


20306 
20326 
20432 
20378 


20495 
20409 


11, 918. 4 20363 


11, 919. 6 


LH, 
Li, 


948. 0 
949, 2 


11, 921.4 


4, 770.4 

, 708.8 
2, 709. 1 
2, 709. 6 


lated vi 





ted va 


4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 


4.2 


4 


ilue 


{ 


| alatlilaniudiudidianlt oto to 


4 


20409 


20354 | 


20397 | 


20414 


20342 


20385 


20513 


4 
4. 20479 
4. 
4 


20528 


205 
of Aa 


20133 
20253 
. 20286 
, 20204 


20219 


Formulated value of Aa/ 


20611 | 


3d | 


ted value of Aa/A 


At 


00027 
OOO11 


00072 


4.20791 


0. OOLLS 
00098 
. 0000S 
00010 
~, 00046 
00071 
00015 


—. 00061 
00015 
00070 
00027 
00082 


00023 
. 00011 
. 00038 
. 00121 


20490 


Ov00S1 
00039 
00072 
00010 


00012 
. 00009 
. 00039 
. 00029 
. 00023 
00044 
00087 
00026 
O0OSS 
00057 
00043 
00032 
00009 
00002 
00036 
. 00056 
. OOOR2 
—. 00042 
. 00055 


4.19427 
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Principal data from large-mass heat-capacity experiments Contir 


| | | | Energy 
Initial | Final | ae for even | 
temper- | tempera- | oe “9 a | tempera- 
ature {| ture {| ~“™ | "=? | ture in- 
| terval 


J Cc °C t.j nt. j Int. j 
1091. 16 10. 0026 15. 0032 23, 697. 0 
109] 9. 9480 14. 9471 23, 699. 1 
1091 j 9. 9846 15. 0031 
1091 ) 9.9910 | 14,9987 
1092. ! 10,0029 | 15. 0069 
1092. ! 10. 0084 15. 0045 
1092. 517 10, 0020 15, 0123 
1092. 517 10, 0050 15. 0064 
1093. 647 10. 0104 15. 0098 
1093. 647 9, 9988 14. 9970 
1093. 647 10. 0018 15. 0000 
1093. 647 | 10.0077 15. 0024 
1093.647 | 9.9905 | 14,9997 | 
1096. 489 | 10.0036! 14.9993 | 
1096. 489 9.9999 | 15.0004 | 
1093. 989 | 9. 9808 14. 9891 
1093. 989 | 10. 0067 15. 0097 
603. 781 10. 0755 15. 1357 
603. 781 10. 0004 15. 0065 
603. 781 9. 9996 15. 0019 


4. 18650 
4. 18594 
4. 18644 
4. 18587 
4. 18687 


WS ONS SSE Ts sass sss eo 


| Ia 


4. 18665 


E ven temperature interval *to 15°C. AZ/At=171.588 int. j . Form value of Aa 
int. j/g-°C 


161 | 14.9471 19. 8801 
161 | 15.0031 | 20.0047 
161 14, 9987 

517 | 15. 0069 

517 | 15.0045 20. 0133 
51 

vol 


) 


7 | 15.0123 19. 9903 
517 | 15. 0064 20. 0082 
647 15. 0098 20. 0137 
647 | 14.9970 19. 9951 
647 | 15.0000 20. 0426 
647 | 15.0024 | 

647 | 14.9997 20, 0012 
4&9 14.9993 | 20.0001 
489 | 15.0004 | 20.0018 
989 | 14.9891 | 19.9982 
989 15. 0097 20. 0096 
781 | 15.1357 | 19.9751 
781 | 15.0065 20. 0009 | 
781 | 15.0025 | 20. 4957 | 


NHAMIWWHOWWWRWwWWWwWw 
SED Be SE ST SE SDS ae ss ss sg sg gy 


Z/At=172.600 int. j/°C. Form: 
int. j/g-°C 


1091. 161 | 19.8801 | 24.9932 | —0.2 | 
1091. 161 | 20.0047 | 25.0045 | —.7 
1091. 161 | 19.9959 24. 9938 | - 
20. 0025 25. 0089 | 
| 20.0133 | 25.0031 
19. 9903 
| 20.0082 | 25.0133 
20.0137 | 24.9982 
24. 9970 | 
20. 0426 25. 0031 
19. 9990 25. 0024 } 
20.0012 | 25. 0023 
- 489 | 20.0001 25. 0008 
». 489 | 20.0018 25. 0001 3 
1093. 989 | 19. 9982 25. 0048 : 3. 
1093. 989 | 20.0096 | 25.0079 | 3 
603.781 | 19.9751 | 25.0376 | 3] 5 
603.781 | 20.0009 25. 0050 13. 


1 


2WwWWWOGSSS 
~Isasas- 


OO ee SENSES SSS ss ss sss ds 


Average.___- neees 2 ean ee rt : 4. 17728 
Even temperature interval 20° to 25° C. AZ/At=173.739 int. j/°C. Formulated value of Aa/At 
int. j/g-°C 
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Principal data from large-mass heat-capacity experiments—Continued 


Mass of 
water, M 


q 
| 1091. 161 
| 1091. 161 
| 1091. 161 
| 1092. 517 
| 1092. 517 
| 1092. 517 
| 1092. 517 
| 1093. 647 
1093. 647 
| 1093. 647 
1093. 647 
1093. 647 


“ 1096. 489 


1096. 489 
1096. 489 
} 1093. 989 
| 1093. 989 


603. 781 | 


603. 781 


603.781 | 


temperature interval 25° to 30° 


ige 


iperature interval 30° to 40° C. AZ/At=177.291 int. j/° 


Aver ige 


ven temperature interval 40° 


| 1091. 161 
-| 1091. 161 
-| 1091. 161 

| 1092. 5 


| 1092. 517 
_| 1093. 647 
| 1093. 647 
| 1093. 647 
| 1096. 489 
1096. 489 

| 1096. 489 
| 1093. 989 


~_}| 1093. 989 


603. 781 
603. 781 
603. 781 


1091. 161 
1091. 161 
| 1091. 161 
1092. 517 
| 1092. 517 
| 1092. 517 
1092. 517 
1093. 647 
1093. 647 
1093. 647 
1096. 489 
1096. 489 
1096. 489 
1096, 489 
1093. 989 
| 1093. 989 
} 603. 781 
| 603. 781 
| 603.781 


17 | 


Initial 
temper- 
ature 


~- 
24. 9932 

5. 0045 
24. 9938 


25. 0031 
9999 


to 


tor 


. 9982 


bo to 


5. 0024 


ob 


2 


. 0008 


b 


to 


24. 9997 





25. 0079 


5. 0050 


25. 0089 | 


. 9970 } 
.0031 | 


. 0023 | 
5. 0001 | 
5. 0048 | 

a7¢ | 
. 0376 
25.0430 | 30.0016 


Final 
tempera- 
ture 


29. 9906 
29. 9953 
29. 9913 


30. 0106 
30. 0000 
30. 0068 
30. 0054 | 
29. 9945 | 
29. 9981 | 
30. 0028 | 
30.0017 
30. 0012 
30.0015 | 
30. 0644 
30.0131 
30. 0051 
29. 9672 | 
30. 0028 | 


C. AZ/Al=175.025 i 


j/g-°C 


| 29.9906 | 39.9768 | 
29. 9953 | 


| 29. 9913 
29. 9926 


30. 0106 | 
30. 0000 | 


30. 0068 
30. 0054 
29. 9945 


30. 0017 | 


| 30. 0012 


| 30.0015 | 


| 30.0659 


30. 0131 | 


|} 30. 0051 


| 29. 9672 | 


| 30. 0028 


| 30.0016 | 


| 39. 9768 
| 39. 0841 
| 39. 9938 

39. 9994 
| 40.0110 
| 39. 9973 
| 39. 9938 
| 40. 0252 
| 40. 4984 

40. 0038 


| 40.0003 | 


| 40. 0054 
| 40. 0052 
| 40.0003 
| 40. 0228 
| 40. 0108 


| 40.0050 | 
| 40. 0067 | 
| 40.0026 | 


39. 9841 | 
39. 9938 | 
39. 9994 | 
40. 0110 
39. 9973 
39. 9938 

. 0252 

. 4984 

0038 

0003 

. 0054 

0052 

. 0228 | 

0159 
40. 0050 
40. 0067 
40. 0000 


int. j/g-° C 


. 9916 | 
. 9863 | 
9, 9831 | 
.0157 
. 0230 
. 0000 
50.0149 
. 9521 
9. 9933 
50. OOR5 
0032 
. 9958 | 
50. 0046 
. 0006 | 


| 
} 
| 
| 
| 
| 
' 


int. j/g-°C 


Heat 
leak 


Int. j 
—0.1 
—.9 
—.1 
—.1 
—.1 

0 
| 

0 
3 


—0.3 
—2.4 
—0.4 


9 
< 


to 50° C. AZ/At=180.989 int. j/°C. 


Pump 
energy | 


Noe = tO ee 


Energy 
for even 
ture in- 


terval 


Int. 


Int. j 
23, 655. 
| 23, 655. § 
| 23, 656 
| 23, 683. ¢ 
| 23, 685. 
|} 23, 684. 
23, 683. 
| 23, 706. § 


me 
128, 
- 


COO oe et ss ss sss 


26, 967. 
26, 967. ¢ 
26, 967 


47, 548 

| 47, 551. ¢ 

47, 549 

47, 549. 

| 47, 444. 
1 | 47,444. § 
9 | 26, 997. < 
23.0 | 26, 996. 2 
7.0 | 26, 997. ‘ 


Formulated 


tempera- 


Aa/At 


4. 


4. 


17160 


17165 


Devia- 
tion from 
formula- 


tion 


jlg-°C 
0. 00024 
. 00027 
. 00041 
. 00033 
. 00068 
. 00035 
00024 
00022 
. 00071 
00060 
. 00079 
. 00068 
-. 00011 
. 00006 
OO008 
00004 
. 00033 
. 00011 
~. OOO0Y9 

QOO07 


3 int. 


00006 

. 00059 

. 00017 
. 00005 
. 00040 
. 00018 

. 00003 
. 00015 
00002 

. 00008 
00047 

. 00011 

-, 00036 
-. 00029 
—. 00049 
00032 

—, 00028 
. 00025 


At=4.17307 


0. 00000 
—. 00047 
. 00015 
00007 

. 00030 

. 00001 

. 00001 
-. 00006 
00016 
00052 
00042 
00011 
00025 
00026 

—. 00035 
. 00031 

. 00013 

. 00031 

. 00014 


value of Aa/At=4,17174 
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TABLE visiiadhtetl data from — -mass heat-capacity os. oeanselllten ontinued 





10-21-37 
10-28-37 
11-16-37 
11-18-37 _ _ - 
11-19-37. 


Average. 


Even temperature interval 50° to 60°C. AZ/At=185. 663 int. 4° (°C, 


12-7-37__- 
12-9-87____. 
12-10-37__. 


Average 


Even temperature interval 60° to 70° C. 


Average 


. | 1096. 


.-| 1093. 


Mass of 


q 
1091. 161 


~_| 1091. 161 
| 1091. 161 | 


1092. 517 


1092. 
1093. 
1093. 
1093. 


647 
647 





| 1096. 
1096. 
| 1096. 


489 
489 


| 1093. 
603. 
603. 781 
603. 781 


989 


3 
| ws ater, M| 


1092. 517 | 
517 | 
647 


489 | 
489 
989 | 


781 | 


| 


| Initial 
ature 


© SC 
| 49. 9916 
| 49. 9863 
9. 9831 
. 0157 
. 0230 
. 0149 
9. 9521 


49. 9933 | 
. 0085 | 


. 0032 
. 9958 
. 0046 
. 0006 
. 0006 
. 0143 
9513 


50. 0083 


50. 0009 


tein per- | 


| 
| 
| 
| 





Final 
tem pera- 
ture 


°C 
59. 9913 





Pump 
energy 


t 
SES DOD DD SS SH OH SS 


ANN RIM ORWWONOES 








4 


/ 


int. j/g-°C 





| 1091. 161 
1091. 161 


1092. 517 


1093. 647 
1093. 647 


1096. 489 


1096, 489 
1093. 989 
1093. 989 
1093. 989 
603. 781 
603. 781 





1091. 161 | 
1092. 517 | 
1093. 647 | 
1096. 489 | 
1096. 489 | 


| 69. 9913 
| 59. 9896 
59. 9923 


| 60. 0047 


59. 9329 
59. 9976 
60. 0019 
60. 0024 
60. 0050 
60. 0081 
60, 0114 
60. 0104 
60. 0320 
60. 0079 
| 59.9329 
| 59. 9993 
| 


60. 0065 | 


69. 9814 
70. 9984 
69. 9831 
70. 0140 
70. 0097 
70. 0336 | 


PP DAO HH 
lel al elle dk en ne on 


AAAS 





Wm OSOMONOMWOOK EE 





| 1091. 161 
1091. 161 


1091. 4 | 


| 1092. 51 
| 1093. 647 
| 1093. 647 


-| 1096. 489 


1096. 489 
1096. 489 


..| 1096. 489 
__| 1093. 989 
__| 1093. 989 


1093. 989 
603. 781 


69. 9511 
69. 9990 





AZ/At 


j/g-°C 


79. 9916 

80. 0364 
80. 0028 
80. 0089 | 
80.0126 | 
80. 0016 
80. 0031 
80. 0038 
80. 0038 
79. 9993 
80. 0090 
80.0145 
80. 0040 
79. 9741 








Even temperature interval 70° to 80° C. AZ/At= 





198.795 int. 
j/g-°C 


0. 


Che ONMNOK CNN Ke 





yee, 


| 
| 
Be Biss 





| 
| 


Energy 
for even 


tem pera- | 


ture in- 
terval 


| 27, 040.3 
27’ 038.1 


47, 504. 
47, 493. 
47, 500. 
47, 564. 
47, 607. 
47, 607. 
47, 721. 
47, 726 
47, 721. 
47, 722 
47, 621 
47, 615. 


Cee NW 


Cn mt ON AT RD ON 


| 
| 


| 27,042. 4 | 





27, 168.9 | 
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Aa/At 


Formulated value of Aa/A 


191.520 int. iC. ‘Deans value of Aa/Af 
/g-°C 


| AApeeeereeeeeen 
sak fk ab oth th ge Skt 


“4.17108 


Formulated value of Aa/At= 
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Tape 3.—Principal data from large-mass heat-capacity experiments—Continued 


Energy 
for even 
tem pera- 
ture in- 
terval 


Devia- 
tion from 
formula- 

tion 


— Initial Final 7” 
came y- temper: | tempera-| Hest 
; si ature ture 


Pump 
energy 


q *C | Int.j | Int. j/q-°C\ Int. j/q-°C 
1091. 161 | 79.9916 9. 99% ; 47, 597. . 17167 0. 00043 
1091. 161 | 80.0364 . 988% ; : 47, 592. 17125 . 00001 
1091. 161 | 80.0028 BY. OVE -. A. 47, 592. 17123 —. 00001 
1093. 647 | 80.0126 . O1 ‘ 4 47, 696. 17127 . 00003 
1093. 647 | 80.0016 . OOF : ’ 47, 698. 17144 . 00020 
1093. 647 | 79.9989 . 97! . A. 47, 703. 17193 . 00069 
1096. 489 | 80.0031 . 00% . ‘ 47, 809. 17080 —. 00044 
1096. 489 | 80.0038 , va i 47, 815. 17133 . 00009 
1096. 489 | 80.0041 : ’ 17099 —. 00025 
1096. 489 | 79.9993 17109 —, 00015 
1093. 989 | 80. 0090 17125 . 00001 
| 1093.989 | 80.0145 17108 —. 00016 
| 1093. 989 | 80.0040 17132 . 00008 
| 603. 781 | 79.9741 -. ; 17133 . 00009 

603.781 | 80.0085 i ie ‘ 27, 263. 17143 . 00019 
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} 

iB - - 

veras A | a 8 4. 17129 

mperature interval 80° to 90° C. AZ/At=207.738 int. j/°C. Formulated value of Aa/At=4.17124 int. 
J/g-°C 





1091. 161 
1091. 161 
1091. 161 
1093. 647 
1093. 647 
1096. 489 
1096. 489 
1096. 489 
1096. 489 
1093. 989 
1093. 989 
603. 781 
603. 781 


47, 704.3 17152 0.00015 
17049 —, 00088 
17084 —. 00053 
17135 —. 00002 
17148 . 00011 
17099 —. 00038 
17158 . 00021 

. 00005 
—. 00027 

. 00001 

. 00068 
—. 00011 
17098 —. 00039 


PARAAAAAAAD 
DSO et et pt et et et et Det 


$9 90 PS ¢ 











Or NIOanNnwoaxo- 





27, 371. 
27, 369 











otal et atotatat-atetetoteto 


i] 


= 


\ verage Le ED PH: eI I Urea ae 4.17126 | 
mperature interval 90° to 100° C. AZ/At=218.626 int. j/°C. Formulated value of Aa/At=4.17137 int. 
j/g-°C 





TABLE 4.—Principal data from small-mass heat-capacity experiments 


| Energy 

Pump | cae | 
ey | ature 
interval 


Initial Final 
temper- | temper- 
ature ature 





°C oc | a j | Int.j | mnt.y°c 


g 
126.708 | —0.0646 | 2. 5102 
126.708 | —.0401 | 2.5830 
126.713 0309 
126.713 0045 
126. 842 0321 
126.842 | —. 0182 ! 
126. 842 0069 | 2.8444 | 
126. 842 -0896 | 2.3173 


, 758. 0 169. 49 
758.4 169. 65 
758. 5 | 169. 67 
758.3 | 169. 59 
, 760. 5 | 169. 93 
759.8 | 169. 65 
, 758.8 | 169. 25 
, 760. 3 | 169. 85 














NWanNK wre 
Oat IO OOW 


| 
| 





| i. < Saee 169. 64 


° Bey ee ee ee een ian ers oe eee 
Even temperature interval 0.0° to 2.5° C. Aa/At=4.21210 int. j/g-°C 
Formulated value of AZ/At=169.69 int. j/° C 


2.5111 
2. 5430 
2. 5368 
2. 5030 
2. 6240 
2. 5754 
2. 3173 


} 
| 





169. 77 
170. 21 
170. 11 
169. 99 
170. 21 
169. 69 
170. 05 


170. 00 


COD bet pet pet pt 


NaOQnwnwnc 


roe 


| manocooe 


1) esd paiva a edge 
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TABLE 4.—Principal data from small-mass heat-capacity experiments—C, 


| Energy 
Mass of | for ever 


| 
| Initial | Final - 
water, | Heat 


> 

| temper- | temper- | leak bbe temper- 
} ature ature | ' B } ature 

| | interval 


00 oO 
5. 0941 9. 5974 
5. 0468 10. 0059 
5. 0469 10. 0019 | 
9889 | 10.0055 | 
5. 0698 
5. OOR6 
11-6-37 26. 708 5. 0013 
11-11-37 26. 712 9966 | 10.0060 | 
11-12-37 26. 71; 9985 | 10.0012 
11-24-37 26. 842 5.0065 | 10.0022 
11-30-37 126. 842 5.0053 | 10.0091 


Average 
Even temperature interval 5° to 10°C. Aa/At=4.195: 27 int. j/g- 
Formulated value of AZ/At=170.69 int. j/°C 


} 
| 


140 9. 5974 15. 0994 —(.¢ 
. 140 10. 0059 5. 0066 | re, 
. 140 10, 0019 5. 0031 

140 10. 0055 5.0155 


9-27-37 127 
9-28-37 127 
9-29-37 127 
9-30-37 127 
127 
1 


tommorow 


10-1-37 7.140 9.9952 | 15. 1422 
11-5-37 26. 708 10. 0132 5. 0025 
11-6-37 126. 708 | 9.9995 | . 0001 
11-11-37 126.713 | 10.0131 . 9993 
11-12-37 126. 713 10. 0012 5. 0015 
11-24-37 126. 842 10. 0022 15. 0063 
11-30-37 126. 842 10.0091 | 15.0004 


YSRENNNN See ee 
DMOooeoerw 


Average 


ven temperature interval 10° to 15° C. Aa/At=4.18678 int j/g 
Formulated value of AZ/At=171.59 int. j/°C 


| ! 
7.140 | 15. 0994 [ 20. 0230 | 
7. 140 j} 15.0066 | 19.9974 
7.140 | 15.0031 20. 0028 | 
7. 140 | 15.0155 | 19. 9961 
7.140 | 15.1422 | 20.0015 


| 
9-27-37 
9-28-37 | 
9-29-37 | 
9-30-37 
10-1-37 | 
11-5-37 7 : 6.708 | 15. 0025 | 20.0054 | 
11-6-37 __. 126.708 | 15.0001 | 20.0011 | 
11-11-37_- | 126.713 | 14.9993 | 20.0015 
11-12-4 | 126.713 | 15.0015 | 20.0013 | 
126.842 | 15.0063 | 20.0075 | 
11-30-37____ 126.842 | 15.0004 | 19.9991 | 


i) 


NOwOwWww 


7 
7 
7 
7 
7 


| 
C2 CO OO RD OO ae 


12 
1: 
12 
12 
12 
12 


ees ets 
DVHOSSS 


| Q= toe 


Average 
Even temperature interval 15° to 20° C Aa/At=4. op int. j/g-°C 
Formulated value of AZ/At=172,60 int. j/° 
Pet Pre pee 
127. 140 20. 6230 24. 9939 
127.140 | 19.9974 24, 9946 | 
27.140 | 20.0028 | 24. 9979 | 
9-30-37 27. 140 19. 9961 24. 9962 | 
10-1-37 27. 140 20.0015 | 25.0055 | 
| 
| 


| 


| 


| 


IAW W rR we 


11-5-37___. |} 126. 708 20. 0054 25. 0067 

11-6-37 126.708 | 20.0011 | 24. 9988 | 
11-11-37 _ 126.713 | 20.0015 | 24.9971 | 
11-12-37__ : 126.713 | 20. ones | 24.9966 | 
11-24-37 | 126.842] 20.007: 25. 0031 | 
11-30-37 126.842 | 19. 01 | 24.9978 | 


bw 


| ~b 


Average J 


Even temperature interval 20° to 25° C. Aa/At=4, 17753 int. j/g-° 
Formulated value of AZ/At=173.74 int. j/°C 





— Specific and Latent Heat of Water, O° to 100° C 
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— 
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Principal data from small-mass heat-capacity experiments—Continued 


Mass of 
water, 
M 


Isis 


126. 842 


Even temperature interv 
Formulated 


7. 140 
7. 140 
7. 140 
. 140 
140 
6. 708 
126. 708 
126. 713 | 
126. 713 
126. 842 
126. 842 


12 
12 
1 
I: 
12 
12 


7 
7 
7 
7 
07 
) 


-|-- - | 


Even temperature interv 
Formulated value of AZ/At= 


127. 140 
127. 140 
27. 140 
127. 140 
127. 140 
126. 708 
126. 708 
126. 713 | 
126. 713 | 
126. 842 | 
126. 842 | 


Even ten 
Formulated v 


27. 140 
27. 140 
27. 140 
27. 140 | 
127. 140 | 
126. 708 
126. 708 
| 126.713 | 
| 126.713 | 
|} 126, 842 
126. $42 


1 
¥ 
1: 
L: 


| 


*n temperature interval 50° 


Formulated 


iperature interval 40‘ 


Initial 
tem per- 
ature 


> ’ 
24. 9939 
24. 9946 
24. 9979 


24. 9962 | 
25. OO5S | 


25. 0067 
24. 9988 
24.9971 
24. 9966 
25. 0031 
25. 0033 


al 25° 
value of 


29. 9932 
29. 9991 
29. 9949 
29. 9948 
30. 0080 
30. 01 7 


29. 9968 
29. 9974 
30. 0057 
29. 9797 


al 30° 


39. 9929 
39. 9917 
39. 9848 


39. 9923 | 
39. 9991 | 


40. 0274 


39. 9952 | 


39. 9967 
40. 0046 
40. 0231 
40. 0490 


to 30° C. 


to 40° 


to 50° ¢ 


Final 
tem per- 
ature Ie 


°°” ’ 
29. 9932 
29. 9991 
29. Y94Y 
29. 9948 
30. 0080 
} 30.0113 
29. 9981 
29. 9968 
29. 9974 
30. 0057 | 
29. 9767 


In 


Aa/At 
AZ/At= 


39. 9929 
39. 9917 
39. 9848 
39. 9923 
39. 9991 
40. 0274 
39. 9952 
39. YS84 
39. 9950 
40, 0131 
40. 0490 | 


Aa/At 
177.29 int. 


9. 881 - 


. 0028 
. 0068 
. 0015 
. 0037 
50. 0222 
9983 
. 9975 | 
0032 | 
50. 0078 | 
50. 0050 


’, Aa/At 


Heat 
ak 


~ 


a 


“hee a 
illite 


rid 


Wrmrmnmnmnw fe nrwero 


4.17307 int. j/g 


j/°C 


0.6 
—.5 


t 17174 int. 


alue of — 180.99 int. j/°C 


49, 9881 


59. 9833 


50. 0028 | 


50. 0068 | 


50. 0015 
50. 0037 
50. 0222 
49, 9983 


49.9975 | 
50. 0032 | 
50. 0225 | 


50. 0050 


value of 


to 69° C, 


59. 9980 
0036 
0. 0053 | 
0165 | 

59. GOS 1 
9969 | 

59. 9945 | 
OOS5 
0022 
| 

Aa/At= 


AZ/At= 185.66 int. 


= 4.17124 int. 
C 


eOWK WW Se Se ee 


4.17513 int. j/g 
175.02 int. j/°C 
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j 
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Pump 
energy 


NIAIWW OH 


Energy 
for even 
temper- 
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TABLE 4.—Principal data for small-mass heat-capacity experiments—Conti 


Average 


9-27-37 
9-28-37 
9-29-37 
9-30-37 
10-1-37 
11-5-37 
11-8-37 
11-29-37 


Average 


9-27-37 
9-28-37 
9-29-37 
9-30-37 
10-1-37 
11-5-37 
11-8-37 
11-29-37 


Average 


11-8-37 _- 
11-29-37 


Average 


Even temperature interval 60° to 70° C. Aa/At=4.17111 int. j/g-°C 


Even temperature interval 70° to 80° C. 


Even temperature interval 80° to 90° C. 
Formulated value of AZ/At=207.74 int. j/° C 


Mass of 
water, 
M 


Initial 
tem per- 
ature 


Final 
tem per- 
ature 


Heat 
leak 





127 

127. 
127. 
127. 
127. 
126. 
126. 
126. 
126. 
126. 


140 
140 
140 
140 
708 
708 
713 
842 
842 


. 0036 
. 0053 
. 0165 
. 9973 
. 9945 
. 0085 

0022 











on 
69. 9959 
69. 9834 
69. 9870 
70. 0132 
69. 9886 
70. 0135 
70. 0845 

. 9967 
59. 9908 
59. 9523 


Int.j | 
-11 
—1.0 | 
—0.2 
—.2 
—1.1 
—0.3 
—.3 








Formulated value at AZ/At=191.52 int. j/°C 


69. 9959 
69. 9834 | 
69. 9870 
70. 0132 | 
69. 9886 
70. 0135 | 
70. 0845 
69. 9523 


27. 140 
7. 140 
7.140 

. 140 

. 140 | 
3. 708 | 
5. 708 | 


79. 9973 
80. 0011 | 
80. 0073 
80. 0058 
80. 0043 
80. 0056 
79. 9952 
79. 9922 


=§. 


Pump 
energy 


Int. j 


YF NONNN. 
IO s3e13°) 


n 





sIsig7 


att stad Sout st a Shak Si 
m 19700 OOOO 





Om & bo ho Or 


Aa/At=4.17114 i 


Formulated value of AZ/At=198.79 int. j/° 


127. 140 | 
127. 140 
127. 140 | 
7. 140 | 
127. 140 
126. 708 
. 708 


79. 9973 
80. 0011 
80. 0073 
80. 0058 
80. 0043 
80. 0056 
79. 9952 


89. 9929 
90. 0146 | 
90. 0104 
90.0117 | 
89. 9998 
89, 9972 
90. 0004 


—0. 


Darton 


nt. j/g-°C 


ow 


MI .2% G9 90 GP gH G0 
oo 


| eo 








89. 9929 
90. 0146 
90. 0104 
90. 0117 
89. 9998 
89. 9972 
90. 0004 
90. 0170 


' 
' 
' 
' 
' 
' 
' 
' 
' 
' 
' 
' 
‘ 
' 
' 
' 
' 
' 
' 
' 


99. 9985 


99. 9959 | 
100. 0010 
100. 0005 














Formulated value of AZ/At=218.61 int. j/°C 





— ene 


MI > 7 90 00 90 G0 0 


we a2 ¢ 


Aa/At=4.17124 int. j/g-°C 


Journal of Research of the National Bureau of Standards 


Energy 
for even 
lemper 
ature 
interval 


Int. j 
7, 218. 1 
7, 217.9 
7, 217 
7, 218.7 
7, 200.8 
7, 199, 2 
7, 200 
7, 204. 5 
7, 204 





pane, 8 ims! Specific and Latent Heat of Water, 0° to 100° C 


ny 


TABLE 


Aa/At, 


measured | 


9 


| 


Calculation of specific heat at 1-atmosphere pressure 


Reductions to give Cp at 1 atmos 


AHL Aa ( 


At At | 


3 


( 


phere 


AH 


At / p=1 
AH 

At /eat 
4 


nt. j/g-°C] Int. jlg-°C Int. j/g-°C 


21411 


21267 


. 21087 | 


20811 | 


20764 


20533 
20385 | 
20219 | 
19530 | 


18668 


18130 | 
17728 | 
17538 | 
17302 | 


17165 | 


17132 


. 17124 | 


17105 
. 17129 
17126 


0. OOO85 | 
. 00089 
00090 | 
. 00096 
00096 


00101 | 
. 00103 | 
. 00107 
. 00127 
00167 

} 
. 00217 
. 00279 
00354 
00500 | 
. 00761 | 


. 01122 | 
. 01606 | 
. 02239 | 
. 03049 | 
. 04063 | 


—(). 00054 
-. 00052 
-, 00051 
. 00051 
-, 00051 


—, 00050 
. 00050 
. 00050 
—. 00047 


—. 00045 


-. 00045 | 


. 00045 


. 00047 | 


. 00053 
. 00065 


-. 00084 
. 00110 
. 00144 


. 00188 | 


. 00241 


Cons 
AH 
At 


j/g-°C 


| 
| 
| 


0), 00001 | 
—, 00008 | 


—. 00001 
—. 00027 
—. 00001 


—. 00001 | 
—. 00006 | 


—, 00001 
—. 00018 


—. 00008 


—. 00012 


—. 00006 | 


—. 00004 


—,. 00010 | 
| —. 00007 | 


—. 00006 | 
— , 00006 


—. 00007 
—. 00008 
—. 00010 


Cp 


experi- 
mental 


4. 20829 | 
20808 


. 20583 
. 20432 
. 20275 


« 


. 19592 
. 18778 


. 18294 
- 17956 
. 17840 
. 17739 
. 17854 


4. 18164 

4. 18614 | 
4, 19193 
4. 19982 
4. 20989 





| 


C 


ps 
formu- | 
lated 


4 
4 
4 
4 
4 


Devia- 
tion 
exp.— 
form. 


8 


} 


. 21508 | —0, 00067 | 
. 00054 

-. 00033 
. DOOOS | 


. 21242 

. 21158 | 
20837 | 
20837 | 


. 20542 
. 20472 
. 20272 
. 19588 | 
. 18784 


. 18280 | 
4. 17977 

.17814 

. 17744 | 
. 17866 | 


. 18161 
. 18604 
. 19200 
. 19972 | 
. 20947 | 


00029 


. 00041 
—. 00040 
. 00003 
. 00004 
-. 00006 


. 00014 
. 00021 
. 00026 
. 00005 
. 00012 


. 00003 
. 00010 | 
. 00007 


00010 
90008 
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M id- 
tem per- 
ature of 
interval 


9 


-J/g-° C| Int. j/g-° C| Int. j/g-°C °C 
. 21441 | 
. 21296 | 
. 21125 





238 Journal of Research of the National Bureau of Standards 
TABLE 6.—Heat capacity of air-free water at 1 atmosphere pressur 


Temper- 


nthalr ] 
Enthalpy, 7], ature 


Enthalpy, 7/ 


Abs. j/¢ | IT Cal/g , | Abs. j/g-°C Abs. j/g 
0.1026 } 0.0245 || : _._| 4. 1807 | 209. 3729 | 5 
. 3184 | . 0314 |) 51- . 1810 | 213. 5538 
8. 5308 2. 0376 || 52_....} 1814 | 217. 7350 
2.7400 | 3.0429 || 5: _.| 4. 1817 | 221. 9166 
. 9462 4.0475 || ! 4. 1820 | 226. 0984 


4. .1498 | 5.0515 || 5: 4, 1824 | 230. 2806 
4.1999 | 25.3508 | 6.0549 || 56. 4. 1828 | 234. 4632 Onn 
.1977 | 29. 5496 7.0578 || ! | 4. 1832 | 238. 6462 9997 
4 1957 | 33. 7463 | 8. 0602 || 5: | 4.1836 | 242. 8296 | 57. gox0 
4. 1939 37.9410 | 9. 0621 || 5§ .| 4. 1840 | 247. 0134 | 58, 9989 


1922 | 42. 1é | 10. 0636 || 6 ..| 4. 1844 | 251. 1976 | 59, 9975 
4.1907 | 46. 325: . 0647 || 61_ | 4. 1849 | 255. 3822 | 60. 997 
. 1893 | 50. 515£ 2. 0654 iy .-| 4. 1853 | 259. 5673 i1. 996, 
. 1880 | 54. 70: 3. 0659 || | 4. 1858 | 263. 7529 | 62. 9963 
4. 1869 58. 8916 4, 0660 ..-| 4. 1863 | 267. 9390 | 63. 9969 


.1858 | 63.0779 | 15. 0659 || 65- | 4. 1868 | 272. 1256 | 64. 99 

. 1849 37. 2632 3. 0655 | 4. 1874 | 276. 3127 | 65, 9969 
4. 1840 . 4476 . 0650 || . 1879 | 280. 5003 | 66. 9964 
. 1832 5. 6312 | 18. 0642 || 1885 | 284. 6885 | 67. 9967 
4, 1825 9. 81: . 0633 || 


| 4.1890 | 288. 8772 | 68. 9972 
| 4.1819 | 83. 9963 | 20. 0622 | 
4. 1813 88. 1778 | 21. 0609 | 
1808 | 92, 3589 . 0596 | 
_ 1804 96. 5395 | 23. 0581 
4.1800 | 100. 7196 | 24. 0565 || 


© ON 


. 1896 | 293. 0665 | 69. 9977 
| 4. 1902 | 297. 2564 | 70. 9985 
4.1908 | 301. 4469 9994 
4.1915 | 305. 6381 3. 0004 

. 1921 | 309. $299 OTF 








~“Is}s7 I] 
mW S 


4.1796 | 104. 8994 | 25.0548 || 75_____| 4. 1928 | 314. 0224 | 75. 0030 
. 1793 | 109. 0788 | 26. 0530 || 76_.__.| 4.1935 | 318.2155 | 76. 004: 
| 


| 4.1790 | 113. 2580 | 27. 0512 ' | 4.1942 | 322. 4094 0062 
4.1788 | . 4369 | 28. 0493 8 | 4.1949 | 326. 6039 . 0080 
21.6157 | 29. 0474 || 79_ | 4. 1957 | 330. 7992 | 79. 0101 


5. 7943 | 30. 0455 | | 4.1964 | 334. 9952 | 80. 0123 
29. 9727 . 0435 |] 8 | 4.1972 | 339. 1920 | 81.0147 
34.1510 | 32. 0414 || - | 4.1980 | 343. 3897 | 82. 0172 
38. 3293 | 33. 0394 * _| 4.1988 | 347. 5881 | 83. 0200 

. 5076 | 34. 0374 - 4.1997 | 351. 7873 | 84. 0230 


. 6858 | 35. 0353 || 8: 4. 2005 | 355. 9874 | 85. 0262 
50. 8641 | 36. 0333 .| 4. 2014 | 360. 1883 | 86. 0295 
59. 0423 | 37.0312 || 87_- 4, 2023 | 364. 3902 | 87. 0331 

. 2207 8. 0292 |} 88_ 4, 2032 | 368. 5929 | 88. 0369 

3991 | . 0272 || 89_ | 4. 2042 | 372. 7966 | 89. 0410 


167. 5777 | 40. 0253 || . 2051 | 377. 0012 | 90. 0452 
71. 7563 | 41. 0233 || _..-| 4. 2061 | 381. 2068 | 91. 0497 
175. 9351 | 42. 0214 || _.--| 4. 2071 | 385. 4135 | 92. 0545 
180. 1141 | 43.0195 || 93_____| 4. 2081 | 389. 6211 | 93. 0594 
184. 2933 | 44. 0177 || __.| 4. 2092 | 393. 8297 | 94. 0647 


188. 4726 | 45. 0159 5 _.__| 4. 2103 | 398. 0395 | 95. 0701 
192. 6522 . 0142 || __.| 4.2114 | 402, 2503 | 96. 0759 
| 196. 8320 | 47. 0125 4. 2125 | 406. 4622 | 97. 081! 
| 201.0120 | 48. 0109 || __| 4, 2136 | 410. 6753 | 98. 0882 
| 205. 1923 | 49. 0094 | 4.2148 | 414. 8895 | 99. 0947 
. 2160 | 419. 1049 100. 1015 


























— Specific and Latent Heat of Water, 0° to 100° ¢ 


TaBLE 7.—Enthalpy of saturated liquid water 

Pemperature | al} B rnthalpy 

Int. j/g | Int.i/g | Int. j/g Abs. j/g *Cal/g 
0. 0000 | 0. OF21 | 0. 0000 | 0. OOOO . 0000 
1. 0408 . 0169 21. 0456 21. 0496 | 5. 0276 
2.0172 | .0233 | 42.0283] 42. 0363 0402 
92.9511 | . 0316 62. 9706 12. 9826 15. 0431 
83. 8571 . 0425 83. 8875 | 83. 9034 . 0400 


2 
4 
= 


104. 7447 |. 0564 | 104. 7890 | 104. 8089 | 25. 0332 
125. 6204 | .0741 | 125. 6824 | 125. 7063 . 0244 
146. 4883 | .0963 | 146.5725 | 146.6003 | 35. 0149 
167. 3511 | . 1241 | 167. 4631 | 167.4949 | 40. 0055 
188.2108 | . 1583 | 188. 3570 | 188.3928 | 44. 9968 

| 209.0685 | . 2002 | 209. 2566 | 209. 2964 | 49. 9896 
229. 9251 | . 2510 | 230. 1640 | 230.2077 | 54. 9842 

| 250.7810 | . 3123 | 251.0812 | 251.1289 | 59. 9811 
271. 6366 | . 3858 | 272.0102 | 272.0619 | 64. 9808 

| 292.4921 | . 4730 | 292. 9530 | 293.0087 | 69. 9839 
313. 3477 | . 5760 | 313.9116 | 313.9712 | 74. 9907 
334. 2035 | . 6970 | 334. 8883 | 334.9519 | 80. 0019 
55. 0596 | . 8381 | 355. 8856 | 355. 9532 | 85. 0180 

5, 9159 aed 376. 9057 | 376.9773 | 90. 0395 

l 


. 7726 | 1.1909 | 397. 9514 | 398. 0270 95. 0671 


. 6296 | 1.4082 | 419. 0257 | 419. 1053 | 100. 1016 


V. REVIEW OF EARLIER WORK AND COMPARISONS 


It is of interest to present a résumé of comparisons between the pres- 
eit results and the earlier results, but unfortunately, it seems impossible 
to make all such comparisons on the basis of definite evaluation. As 
mentioned above, so many uncertain factors regarding units, stand- 

rds, and experimental technique have been involved in some of the 

urlier work that the results of much of the pioneer research is difficult 
to to interpret and appraise in terms of present standards. In spite of 
the care with which these various determinations were made, the 
diversity of results indicates that in some of the work, the uncertain- 
ties were greater than supposed. 

Since the present determinations have been made by use of the 
present standards of electromotive force and electric resistance, they 
vield values for the heat capacity of water in international electric- 
nergy units. They are comparable, in kind, to two types of previous 

easurements, those in which the variation of specific heat with tem- 

rature has been observed, and those in which the heat capacity of 
water has been measured, either in mechanical or electrical units of 
energy. 

Comparisons of the determinations of the variation of specific heat 
may be made, independently of the absolute value of the energy 
nits. These comparisons may easily be made by arbitrarily choosing 

temperature at which the observed specific heat is taken as unity. 
Differences in temperature scales used and such calorimetric errors 

s heat leaks, however, would affect the accord. 

‘*For the evaluation of the heat capacity or specific heat of water in 
the fundamental or absolute units of energy, the choice of values for 
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the relations between units and standards of different periods | 
volved, particularly for measurements made by the method of clecs 
heating. The data available for this purpose are not adequate ; 
vield satisfactory appraisals of all the experimental data. The o; 
ions of some who have studied this matter are interesting. 

For ex: imple, in the discussion of T. H. Laby’s [13] critical reviey 
paper on the mechanical equivalent of heat, several physicists hay, 
civen their views. IF. E. Smith said that he “had little faith in th, 
values of physical constants obtained by applying corrections Jone 
after the date of the observations.” G. M. Clark said “I doy}; 
whether much is gained by discussing the results of other observers 
by making known corrections that arise through the light of late; 
knowledge * * * the halo of nebulosity surrounding any physica 
determination is probably greater than the original experiment, 
cared to acknowledge to himself. I am also of the opinion that the 
only person who can revise any old determination is the person who 
made it.” Ezer Griffiths said “I view with misgivings attempts to 
correct old work unless made by the investigators themselves, as they 
alone are acquainted with all the facts concerning the apparatus.’ 
E. H. Griffiths said ‘‘I confess that it appears to me that it is the final 
and not the earlier conclusions of an author which should be quoted.’ 
In this very frank discussion, several authors gave reappraisals of thei: 
earlier numerical values, which are most helpful to reviewers. 

In comparing various appraisals made in the past, much can by 
found to support these views. It seems, however, that part of th 
discord which has baffled reviewers may be removed by use of mor 
complete correction data, without too ruthless rejection of early 
experimental work. . 

- accord with the above warnings of caution, the present author 
propose to accept at their face values the experimenters’ own re: 
praisals, where available. In view of the impossibility of previ 
interpretation and reduction to present standards of much of tly 
earlier work, and since this service has been already so thorough!) 
performed by previous reviewers, a complete review will not be under- 
taken here. Instead, only a few of the determinations which hav 
been cited in the past as important or authoritative have been selected 
for examination and correlation to indicate the extent of corroboration 
In order to coordinate them for intercomparison, some reductions 
have been made by using equivalents or ratios which are based 01 
more complete experimental evidence than those used in forme! 
reviews. These data will be examined in two respects, the first by 
considering the experimental data yielding values for the mechanical 
equivalent of heat, each in terms of some definite heat unit, and 
second, by considering data on the change of specific heat with 
temperature. 

James Prescott Joule 


Joule [14] appears to have been the first to undertake syste matic 
measurements of the mechanical equivalent. In 1850, from experi- 
ments by a number of methods, he chose a value of 772 foot-pounds 
per heat unit. Later, in 1878, by water friction in a calorimeter, he 
obtained the value 772.6 foot-pounds per 62° F heat unit. Becaus' 
these experiments belong to an early period in the development 
standards of physical measurements, it is impossible to evaluate the 
results in terms of present standards, but their pioneer nature and 
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lassical refinement set them apart as exempt from any purely numeri- 
cal appraisal of their relative accuracy. ‘Tribute to Joule’s work is 
perpetuated by the use of his name to designate the unit of work. 


Henry A. Rowland 


Rowland [15] followed Joule by making a series of elaborate experi- 
ents similar in principle to Joule’s, but with greater care and refine- 
ments in some respects. Although the thermometry of that time 
was less precise than later, Rowland’s measurements were made and 
recorded so carefully that they could be revised later when the ther- 
wometers that he used had been compared with better-known stand- 
ards. William S. Day [16], with Rowland’s permission and advice, 
i Rowland’s thermometers with the Paris Standard (inter- 
tional hydrogen seale) and made a revision of the results 20 years 
fter the original work. 
At the conclusion of his paper, Rowland says ‘Between the limits 
and 25° C, I feel almost certain that no subsequent experi- 
ents will change my values of the equivalent so much as 2 I" rts in 
1.000, and even outside those limits, say between 10° and 30°, | doubt 
hether the figures will ever be changed much more than that 
amount.’ This coneluding estimate seems to have been conservative. 
Table 8 gives the values reported by Rowland and the values cor- 
rected by Day at five temperatures from 10° to 30° C. It also gives 
the NBS values reduced to the same temperature intervals and 
rounded to the same number of figures. The last two columns give 
the deviations of Rowland’s original and Day’s revision from the 
\Bs. Rowland’s smoothed results differ most from the NBS at the 
euds of the range from 10° to 30° C, and there, by less than his esti- 
mated 2 parts m 1,000. 


TABLE 8.—Comparison of specific heat values of Rowland with NBS values 


’ : Rowland ; Day’s revi- 
wland, Jay's revi- eat bee va ays 
Rowland Day's revi NBS 1939 minus sion minus 


Temperature ~- 
1879 sion, 1898 NBS NBS 


jlg-°C jlg-°C jlg-°C j/g-°C 
4. 196 4.192 0.008 | 0. 004 
4. 188 4. 186 . 003 . 002 
4.181 . 182 —. 003 —. 001 
4. 176 mt OO7 | —. 004 
4. 174 179 —.008 | —. 005 











—0. 0016 | —0. 0010 


Rowland’s values are greater than the NBS values in the lower 
part of this range and less in the upper part. It seems probable 
that these departures can be explained by the correction he applied 
ior heat leak, or “radiation,” as he called it. This correction 
unmounted to over 2 percent of the energy input when the temperature 
{ the calorimeter differed from that of the jacket by 10° C. He 
letermined the “coefficients of radiation’? by measurement, but in 
liscussing them he says ‘“‘the circumstances in the experiments are 

it the same as when the radiation was obtained.” These circum- 
iances, he states, ‘tend to give too small [italics Rowland’s] coefficients 

i radiation, and this is confirmed by looking over the final tables.’’ 
le, however, did not feel at liberty to make corrections on this 
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basis. Had these coefficients been greater by nearly 4 percent. 
would have accounted for the difference in slope of Rowland’s ¢ ury 
from that of the NBS, as will be seen by referring to table 8. 4; 
20° C, which is the midtemperature of the range in which Rowla, 
estimated his greatest precision, Rowland’s re ‘vised value is less tha: 
the NBS value by about 1 part in 4,000. At 15° C, which was 
about the average jacket tempers ature, and where the heat les 
would have been zero, Rowland’s revised value is greater than t| 
NBS value by 1 part in 2,000. 

It is possible that his remarkable accord with recent determing. 
tions is accidental, but it appears more likely to be due to the thor. 
oughness with which he is known to have worked. 


Reynolds and Moorby 


These workers [17] determined the mechanical equivalent of heat 
by means of a hydraulic brake driven by a steam engine. Ty 
measurements were carried out on an engineering scale, the power 
input being in some experiments as large as 65 hp. This feature has 
sometimes been considered an advantage as compared with lesse1 
proportions. The heat developed was used to raise the temperatur 
of water over a range of nearly 100° C. These distinctions giy; 
these measurements an importance for purposes of comparison. 

It must be recognized that in some other respects, the apparat 
and technique were less refined than in the case of some of the othe: 
determinations. Although the work is described at great lencth 
it is difficult to ascertain all details which would aid in correlating thy 
numerical result with others. This is the case with the record of 
the initial and final temperatures and pressures of the water which 
absorbed the energy input as sensible heat. It seems that for 1 
final value of 4.1832 abs. j/g-°C, the approximate range of 
was from a temperature of 1.3° C and a pressure of 1.53 atmospheres, 
to a final temperature of 100° C and a pressure of 1.43 atmospheres 
The change in enthalpy for this change of state may be computed from 
the NBS data as follows: 
inthalpy at 1.3° C, pressure 1 atm 5. 583 abs. j 
thange for 0.53 ops 0. 054 abs. j 
{nthalpy at 1.3° C, pressure 1.53 atm ___- : 5. 687 abs. j/g. 
inthalpy at 100‘ G pressure 1 atm_- $19. 105 abs. j/s 
Yorrection for 0.43 atm : é - 0. 033 abs. j/g 
‘nthalpy at 100° C, pressure 1.43 atm 119. 188 abs. j 
shange in enthalpy 1.3° C, 1.53 atm, to 100° C and 1.43 

atm.__-.. 413. 501 abs. j/g. 
Change per degree by NBS value 4. 1895 abs. j/g 
Reynolds and Moorby’s value ‘ 4. 1832 abs. j/g 
R. and M.NBS.-- eae _ 0. 0063 abs. j/g->! 

(or 1 part in 660 

The accord of this result with the NBS result is inferior to the 
accord of Rowland’s result after Day’s revision for temperature 
scale. Inasmuch as the means of protection from heat leak in 
Reynolds and Moorby’s work were less complete and the range of 
temperature considerably greater, it is very probable that this ma} 
account in part for the greater discrepancy. Although this extensive 
research suffers by comparison with modern technique, the approxi 
mate confirmation of smaller scale laboratory measurements has 
served for many years as a classical contribution to engineering data. 
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Laby and Hercus 


They [18] determined the mechanical equivalent of heat by direet 
mechanical measurements using an induction dynamometer and the 
nn hod of continuous-flow calorimetry. The ingenuity of design and 
~ofinements of technique justify their aim at ‘the highest precision 
attainable with the present developments of physical technique.” 

Brg have been two serious criticisms of Laby and Hercus’ work. 

re [19] has proposed a reevaluation of their result by disregarding 

the ee riments near 20° C on account of their large re sidus ul. Ina 
ter paper, Laby and Hercus [20] have noted this criticism and h: ave 
cepted the proposal. Jessel [21] has reported finding differences in 
specific heat of air-free water and air-saturated water and has 
stioned Laby and Hercus’ result on the score that air-free water 

snot used. In replying to this criticism, Laby and Hercus [20] 

ny the validity of Jessel’s conclusions in their own case and show by 

—- that the effect is negligible. As a reappraisal in 1935 
‘the final result of their measurements, Laby and Hercus give for 

»mechanie al equivalent for both deaerated and aerated water, the 

ie of 4.1852 & 107 ergs/15° cal, which may be taken as their apprais- 
their neelts for purposes of comparison. The present NBS 

easurements give the value of 4.1858 } (abs.)/g-°C for C, at 15° C 
nd 1 atmosphere, which agrees within 1 part in 7,000 with Laby and 
’ value. 

Callendar and Barnes 


Their work [22] on the measurement of the heat capacity of water 
wtween 5° and 95° C by the continuous electric-calorimetric method 
: without doubt more pretentious and comprehensive than any of 
tle other researches on this property of water. The results which 
ere obtained from measure me nts made by Barnes in 1899 and 1900 
n terms of the e lectrical standards of that pe ‘riod have since been the 

bject of numerous reviews [13, 22, 23, 24, 25], mostly with the object 

deriving better appraisals of the value of the mechanical equivalent 
heat by applyt ing corrections to bring them into accord with known 
ndards. The diversity of these reappraisals emphasizes the diffi- 
ity and uncertainty involved. Even Callendar, who cooperated 
n the design and preparation of the apparatus, and Barnes, who 
arried out the experimental part of the program, differed in their 
pions of the validity of the accounting for heat leak. It seems that 
for the purpose of comparisons, the best course is to take the authors’ 

wn latest estimates. These along with others are given in table 9. 

In 1909 Barnes [22] revised his original figures of 1902 by applying 

rrections for the value of the standard cells. Callendar [26] reviewed 
previous experiments on the variation of specific heat of water, 
escribed experiments by a new method, and derived a formula for 
specific heat. It is somewhat difficult to differentiate Callendar’s 
uterpretations of these several elements, and, for purposes of com- 

arison, it seems best to take his tabulated figures, referred to the 
value at 20° C as unity. Callendar later, in 1925 [13], in ; discussion 

{T. H. Laby’s paper on the Mech: nical Equivalent of Heat, has 
riven a reappraisal of the value at 20° C from the Callendar and 
barnes’ experiments as 4.178 abs. j/g-°C. This value is practically 
(ie same as the value 4.1785 given by Barnes in 1909. Laby’s 

163919—39——4 
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appraisal of Callendar and Barnes’ value made at the same timp ; 
4.1795 at 20° C. The NBS value for 20° C at present is 4,18 )9 
which is about 1 part in 1,200 greater than Barnes’ figure.  Baryos’ 
estimated values of the specific heats at other temperatures deyiy;, 
from the NBS values by as much as 1 in 500, while Callenday, 
estimate is for the most part within 1 part in 1,000 of the NBS ya 
Barnes’ mean value between 5° and 95° C of 4.1835 is about 1 nap 
1,000 less than the corresponding mean value of 4.1877 from 
NBS measurements. 


] 
Uf 
t 
{ 


TABLE 9.—Comparison of specific heat value of Callendar and Barnes 
valiie 


| 
| Laby’s | 
Barnes } revision of | agyanace | 
revised — | Callendar | ‘ — wie 
1909 925 and Barnes | esau 

| 1925 | 


Barnes 
Lemperature | original 
1902 


| 
| 
| 


| | | 
Abs.j/g-°C | Abs.j/g-°C | s.j/g Abs.j/g-°C | calyo/g-°C calgo/g-°C' 
2105 4. 2052 1. OO596 (we 
. 1979 4.1926 | j 00310 00337 
1895 4. 1842 00122 | (O13 
1838 4.1785 78 | 795 00000 00000 


1748 99922 | 99911 

1727 . 99877 9US61 

1720 | . 99856 QOS44 ’ +] 

1720 | QORSH GON44 } : 
4.1729 | | . 99871 YOSEL L| 


.1745 | 99901 | 9004 
4. 1766 . 99942 . 99955 
4.1792 | . 99994 | OOOL7 
4. 1817 | 00055 00077 1. 001 rl\ 

. 1845 | OO125 OO144 





. 1925 . 1872 | (0201 (0208 1.0 tol 
1954 4.1901 | 00288 (27> ts ST 

. 1982 4.1929 | 4 00380 00345 | 1. (XM th 
4. 2010 4.1957 . 00479 00412 1. O ay 
4. 2038 1985 | OO583 | 00479 ' 





1835 | 


Although it is difficult to explain this degree of discord, it seenis 
possible that inaccurate accounting for heat leak may have been 
responsible for much of the difference. It is difficult to believe that 
Barnes’ estimate in 1909 that the error of the measurements in an) 
part of the range did not exceed 1 part in 10,000, or Callendar’s esti- ia 
mate of 1 part in 4,000 for the absolute value of the mechanical equiy- 
alent, took into account all the possibilities for deviations from th 
true values. 

Jaeger and von Steinwehr 


Their measurements [27] were made at the Physikalisch-Techniseli 
Reichsanstalt in 1921, by the electric-heating method, and extending 
over the range from 5° to 50° C, are free from some of the uncertainties 
of units and standards which affect much of the earlier work. There 
is very little doubt that the temperature scale and the electrical 
standards used were substantially the same as those now in use 8s 
international standards. The numerical values as given originally 
may therefore be taken to represent the experimental data between 
5° and 50° C smoothed by an empirical formula of the second degree. 
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rhese Values are given in table 10 with corresponding NBS values 
r comparison, 
Henning and Jaeger [28] quote the value of 4.1842 int. j/g °C for the 
eat capacity of water at 15° C., estimating the accuracy as about 2 
rts in 10,000. The PTR formula accords with the NBS value at 
‘his temperature to this estimated accuracy but, elsewhere, the 
leyviations are larger. 
It is of interest to examine the individual experimental results to 
/to what extent this peculiarity may be the result of the type of 
rmula used. It is a well-known fact that formulas of the power 
ries type often show ; a 
pronounced tendency | 
evinte near the ends 
an experimental 
nge, even though 
tted to the data by 
st-squares adjust- 
ent. 
i, figure 6 the de- 
ition of the PTR 
rmula from the NBS 
rmula is shown by 
esmooth curved line. 
rhe deviations of the 
PTR (observed-minus- 
aleculated) values as 10 
viven by Jaeger and TEMPERATURE, 
archprpringe tors “<8 FiguRE 6.—Deviations of 1’ TR from NBS values of C, 
the points designated as “PTR obs.’”’ The dotted line designated as 
“PTR Alternate” represents a re-formulation of the PTR data in the 
cit of the present work. This was found by fitting a linear equation 
to the deviations of the PTR data from the NBS equation, and therefore 
‘lisalternate interpretation of the PTR results differs from the NBS for- 
mulation of C, only by addition of a correction equal to [—0.00256-4 
(0004864). This alternate formulation accords with the observed 
values slightly better than the PTR equation does, and is of a type which 
isconsistent with experimental data outside their range of temperature. 
The greater spread of the PTR data is to be expected from the smaller 
temperature intervals used which were only about 1.4° C, and the 
veneral accord may be considered as satisfactory. 
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Tanne 10.—Comparison of specific heat values of Jaeger and von Steinwehr with 


NBS value 


™ Jaeger and 
von von | NBS 1939 lempera- 8 von 
Steinwehr | 
alternate 


| i ieee 

von NBS 1939 

: ture ; Steinwehr | 
Steinwehr Steinwehr | 
| hi . alternate 


| | | j 

Jaeger and | Jaeger and | | Jaeger and | 
| 
] 
=|} 


pia, 
Int. j/g-°C | Int. j/g-°C 2 | Int 
4. 1966 4. 1991 4. 2014 || 30 4.1755 | 
4. 1897 4. 1893 | 4.1914 || 35 4.1753 
4. 1842 | 4. 1832 | 4.1850 || 40 4. 1764 4.1772 
4. 1800 | 4.1795 | 4.1811 || 45 4.1788 | 4. 1783 | 
7 


4.1771 | 4.1775 | 4 1788 | 50_. 4. 1825 | 4.1798 


14766 
4.1765 


| 
_ | - 
Int. j/g-°C || “¢ | Int. j/g-°C F Int. j/g-° c | Int. j/g-°C 
1777 
| 
| 
| 
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The earlier measurements of the enthalpy of saturated water mag, 
in this laboratory and published in 1930 [2] furnish data from wh, 

values of specific heat of water at 1 atmosphere in the range 0° to 10) 
C may be derived. These measurements were not intended prim: uri} 
for determining the specific heat, having been made to furnish data {0 
enthalpy of water and steam for compiling steam tables, and valyos 
of the specific heat were not published. Beside other limit: ations 01 
the accuracy of the NBS 1930 data, the larger temperature interys 
then used gave less convincing evidence of the trend of specific heat 
in the lower range of temperature where the change is most rapi 


FiGguRE 7.—Comparison of values of C>. 


Nevertheless, these results have been taken as a basis for values of 
heat capacity of water used in measurements of enthalpy of super- 
heated steam by several of the laboratories cooperating in the inter- 
national steam research project. It is therefore of interest to note th 
difference between the old and the new results, expressed as ont 
heat. For the purpose of intercomparison, the values of C, al 
l-atmosphere pressure have now been computed from the formulated 
results of the 1930 report as represented by the following formula 
given for alpha in the range 0° to 170° C: 


a 1.240777 logu( ‘7 4 415. 2412( 55) aie (05) - aime (00) 


This computation of C, was made in a manner similar to those for 
the present new results as previously described in this report, using 
the same value for 6 and [H,]' “a4. The _— of C, thus derived 
are given in table 11 and are designated as C, cxps 1930), together with 
the 1939 NBS values. 

Comparative values of specific heat in absolute joules from the 
determinations just reviewed are shown graphically in figure 7. 


‘4 
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rantE 11.—Comparison of specific-heat values of NBS 1980 with NBS 1939 values 


C, | C, Ter aoe C, | 
NBS 1930 | NBS 1939 Patanemenaas NBS 1930 


Int. j/g-°C | Int. j/g-°C = Int. j/g-°C at. j/g-°C 

4. 2297 4. 2169 5 4.1771 . 1799 
4. 2014 5K . 1787 1816 
4 
4 
4 


1914 } 4. 1808 4. 1836 

. 1850 Sy 4.1833 | 4. 1860 
1861 . 1888 

4 1894 4. 1920 
4.177 4.1932 | 4. 1956 
4. 5 1974 | 4.1907 
4 2022 2043 
4 4. 2075 4, 2005 
2134 4. 2152 


Asa summary of the review and comparisons just made, it is found 
that the results of Rowland, Laby and Hercus, and Jaeger and von 
steinwehr for the mechanical or electrical equivalent of the heat 

apacity of water in the range 15° to 20° C, are corroborated by the 
results of the present investigation, and are in accord with a value of 
00019 for the ratio of the international volt-ampere to the absolute, 

r mechanical watt. It is further found that the results of Jaeger 
nd von Steinwehr throughout their experimental range, 5° to 50° 
(, are in satisfactory accord with the present NBS results. It has 

tt been found possible to reconcile the discord between the results of 
Callendar and Barnes and the present NBS results. The likelihood 
that uncertainty in heat-leak accounting may have been the cause of 
nsuspected error is suggested. The close control of this factor in 
he present work may be considered in a choice of definitive values 
without detracting from esteem of the earlier work. 

The values of specific heat derived from the earlier (1930) deter- 
minations of the NBS are less trustworthy than the new results and 
ure not considered by the authors as entitled to inclusion in any new 
ppraisal of values of specific heat in the range 0° to 100° C. 


Part 3. Heat of Vaporization of Water in the Range 0° to 100°C 
I. INTRODUCTION 


The heat of vaporization of water is not only a large part of the 
enthalpy, or heat content, of steam, but it is also one of the terms in 
the Clapeyron equation by which saturation specific volumes are cor- 

elated with saturation vapor pressure. Hence, independent values 
of this property are important data in the compilation of tables of the 
properties of steam. 

The existing data from direct measurements in the range 0° to 
0° C by different experimenters lacked the accord desired in stand- 
id steam tables. In the range 0° to 50° C, the deviations of these 
values from the international skeleton table were as much as 0.2 
percent. Since the skeleton table was based on appraisal of the whole 
eisemble of available data, which in this region were relatively scanty, 

‘was desired to obtain a more positive verification by a systematic 
redetermination of the heat of vaporization. 

_ This was undertaken in connection with the redetermination of the 
ieat capacity of liquid water from 0° to 100° C, and in the construc- 
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tion of the calorimeter, as described in part 1, provision was made fo, 
measurements of heat of vaporization, Without sacrifice of the aim 
of high precision in the heat-capacity measurements, it was Possibl, 
to include features adapting the apparatus to accurate vaporizatio; 
measurements over the range 0° to 100° C. 


II. METHOD AND APPARATUS 


Since the method and apparatus have been described in pari 
only a brief resumé is given here of the general scheme of measureme); 
before describing the experimental procedure in detail. 

The calorimeter, consisting of a metal shell, protected from yp. 
measured heat leak by a controlled insulating envelope, contained 
sample of air-free water, both liquid and vapor. The liquid wa; 
vigorously circulated through an electric heater by an immersed 
pump. 

In the vaporization experiments the measured heat was suppli 
electrically to evaporate liquid, while vapor was withdrawn at a rat: 


which was controlled manually to keep a constant temperature of 


evaporation. The energy added per unit mass removed as vapor 
designated as gamma, vy, exceeds the latent heat of vaporization, 1 
by the quantity beta, 8. That is, according to the theory [1] 


y=L- B 
where 
oe 
B=T & say 
dT 
The values of 8 used in deriving values of ZL from the observed 
values of y were calculated from known values of the vapor-pressure 
derivative, dP/dT, and of u, the specific volume of the liquid. This 
reduction term is very small at low pressures, and at 100° C amounts 
to only 1/1600 of y. 


Ill. EXPERIMENTAL PROCEDURE 


1. ACCOUNTING FOR MASS, ENERGY, AND CHANGE IN STATE OF 
THE WATER SAMPLE 


The accounting for the mass, energy, and change in state of the 
water sample in the vaporization experiments was for the most part 
the same as in the heat-capacity experiments. The few differences 
will be pointed out. briefly here. 

The amount of water evaporated and collected by condensation 
in an average experiment was about 20 g. To make the weighings 
with suitable precision, the glass containers holding the condensed 
water samples were subjected to a standard conditioning treatment 
before weighing them. The glass container, after a sample of water 
had been collected as ice by condensation in liquid air, was warmed 
carefully to melt the ice and bring it slightly above the temperature 
of the room. The container was then wiped dry and placed in the 
balance case. Air in the balance case was circulated by a fan for 
at least 5 min to bring the container to the balance case temperatur 
as well as to insure a standard surface condition. Weighings were 
pee made by substitution, estimating to one-tenth of a milligram 


A substitute or tare glass container, which displaced the same amount 
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of air as the weighing container, was kept in the case and was weighed 
either just be fore or after the collec ting container. This eliminated 
errors of weighing due to variation in length of the balance arm or 
change of we ight of the counterpoise. 

In the vaporization process, larger temperature gradients were 
induced in the calorimeter than in the heat-c apacity experiments. 
in order to diminish these gradients, the pump speed was increased 
«) 106 rpm at the expense of a larger pump power. Since the pump 
power Was also less constant than before, determinations of it were 
made oftener. Several pump-power determinations were made on 

day, the experiments being arranged so that pump-power 
Jeterminations were made usually just before and just after one or 
two evaporation experiments. By interpolating between pump- 
power determinations, account was taken of changes in pump power, 
including that due to changes in liquid level. In all, 131 deter- 
minations of pump power were made during the 152 ‘evaporation 
experiments. 

Owing to the greater disturbance of temperature by the evaporation 
process, the heat-leak accounting was slightly less exact than in the 
heat-capacity measurements. A small supercorrection, depending 
on the location of the liquid level, was applied, sometimes amounting 
toas much as 1 part in 50,000. 

During the withdrawal of steam from the calorimeter, the upper 
tube was tempered by the outgoing steam, so for this period there 
was no correction for heat leak in the upper tube. 

The initial and final temperatures of the water in the calorimeter 
vere Observed in the same manner as in the heat-capacity experi- 
ments. The temperature of the steam leaving the calorimeter was 
indicated by the group of four thermoelements, J7’, representing the 
average temperature of the upper part of the calorimeter, and the 
single thermoelements, J7, J6, and Jd, representing the temperatures 
along the upper tube. 

A study of the thermoelement indications and their correlation 
with the observed values of heat of vaporization indicated that the 
temperature of the upper part of the calorimeter (measured by J7’) 
is the best representation of the temperature of the steam withdrawn 
from the calorimeter and likewise of the temperature of evaporation. 

Special details of the experimental procedure will next be described. 


2. DESCRIPTION OF VAPORIZATION EXPERIMENTS 


In preparation for an experiment, the calorimeter was charged with 
about S800 g of air-free water in the manner described in part 2. 
Trials with different charges showed that amounts between about 
S00 and 500 ¢ gave the most satisfactory operating conditions. The 
calorimeter temperature was adjusted to the chosen temperature of 
the experiment by either electric heating, or cooling by the process of 
withdrawing vapor. During this adjustment of the calorimeter 
temperature, the throttle valve was heated by its electric heater to 
maintain it warmer than the calorimeter. The envelope temperature 
also was maintained above the calorimeter temperature. These 
precautions opposed condensation of water in the upper tube, which 
later, by removal, might give erroneous accounting for mass and 
energy. Consistency of the results with varying rates of withdrawal 
showed that this danger had been removed. 
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The temperatures of the envelope and reference block were next 
brought very slightly above the calorimeter temperature. Dy ring 
this period of adjustment, the circulating pump was started and thy 
space between the c: alorimeter and envelope was evacuated for the 
purpose of insulation. A weighed evacuated glass container, Sh, 
was connected to the vapor line, as shown in figure 3in part 1. Afte 
evacuation of the line, the glass container was opened to the vapor 
throttle valve. The apparatus was then ready for the beginning oj 
an experiment. 

The equilibrium temperature of the calorimeter and contents was 
observed. At the start of the heating period, the current from th» 
storage battery was shifted from the substitute resistor to the calo. 
rimeter heater by the automatic switch actuated by the time signals 
Using the indications of the four thermoelements, J7', as guides, the 
throttle valve was opened and steadily adjusted so as to keep the 
value of JT practically zero. The reference block was kept at 9 
constant temperature, as shown by the resistance thermometer indi- 
cations. In this way, the temperature of the upper part of th 
ner, which closely followed the evaporation temperature, was 
maintained constant at the initial reference block temperature by 
withdrawing enough steam to balance the energy put into the calo- 
rimeter. During this time, the bottom part of the calorimeter, whiel 
was in contact with the circulating liquid, became warmer than the 
top part by the amount of superheating necessary to conduct the 
heat to the surface for evaporation. 

In order to evaluate heat-leak factors and the temperature of th 
withdrawn steam, the thermoelements on the upper tube, lower tube, 
calorimeter, and envelope were observed at 1-min. intervals. The 
eadings of the resistance thermometer were recorded every minute 
so that the thermoelement observations could be referred to the In- 
ternational Temperature Seale. Occasional surveys of all thermo- 
elements were made to guide proper control of the experiments. Thi 
current and potential drop in the calorimeter heater were observed on 
alternate minutes starting % minute after the power was switched on. 
At the end of the chosen number of minutes, the calorimeter heating 
was stopped and enough more vapor withdrawn before closing the 
valve to bring the calorimeter and contents to final equilibrium tem- 
perature near the initial temperature. The final temperature was 
then observed. 

In all, 152 satisfactory vaporization experiments were made betwee! 
0° and 100° C. For most of these experiments, the time of evs nee. 
tion was about 20 min., and the total time of the experiment about 3 
min. Of these, 64 experiments were made at an evaporation rate of 
about 1 g/min. In tests to detect any significant change of the 
result with the rate of withdrawal, a number of the other experiment 
were made at various rates ranging from 0.25 to 2.22 g/min. The 
purpose of these tests was to ascertain whether there was any ap- 
preciable amount of liquid in the steam withdrawn. Examination 
of the results revealed no definite evidence of such an effect. 


IV. RESULTS OF VAPORIZATION EXPERIMENTS 


The data and computations for the vaporization experiments were 
so similar to those described in part 2 for the heat-capacity experiments 
that sample sheets need not be given. The principal data from the 
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iven in table 12. In addition to the data taken in the heat-capacity 
experiments, both thermometer readings and the thermoelement, JT, 
readings were observed every minute during the evaporation period. 
The combination of the readings permitted the calculation throughout 
the experiment of the temperature of the top part of the calorimeter, 
which was found to represent closely the temperature of evaporation. 

The computations of temperature and electric energy were made in 
‘he same manner as In the heat-capacity computations. In comput- 
ing the total energy, the corrections were made as shown previously, 
except that in the case of the upper tube the heat leak was considered 
as zero during the outflow of steam. A correction was always necessary 
to account for the energy involved in the difference of the final tem- 
perature of the calorimeter and contents from the initial temperature. 
This correction was usually for temperature changes of less than 0.01°C, 
and was caleulated, using the data from the heat-capacity experiments. 
Values are given in table 12 as “corrections for change of temperature.” 

Dividing the total energy thus obtained by the mass of water 
withdrawn gives a value of gamma, y, at the effective evaporation 
temperature. This temperature was usually within 0.03° C of the 
even temperature, making the correction applied to the energy for 
the difference usually less than 1 part in 30,000. 

The mean values of y at the even temperatures were then found, 
weighting the separate determinations in proportion to the rates of 
evaporation. These weighted means and the deviations of the 
measured values*from them are given in table 12. Study of the devi- 
ations justifies this mode of weighting for the rates used. The 
results were then ready for final formulation for use in computing heat 
of vaporization. 


aporization experiments, as reduced to give values of gamma, y, are 


TABLE 12.—Principal data from vaporization experiments 
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TasLE 12.—Principal data from vaporization experiments—Continued 
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In addition to the measurements described here, there was a series 
of results of similar measurements made in this laboratory (1930-32 
[2, 29] with an earlier stirred calorimeter and extending from 50 
270° C; also another series (1937) [3] extending from 100° to 374°C, 
made with a later unstirred calorimeter. 

Although these older measurements lacked some of the refinements 
of the present series, the fact that they were obtained with two 
calorimeters of different design from the present calorimeter ani 
covered a much greater range of temperature, entitles them to inclu- 
sion in the scheme of formulation. In the range where they overlap 
or duplicate present measurements, the degree of accord furnis hes ‘ 
measure of the corroboration, while the greater range of the older d 
contributes greater directive control to a formulation than would 

result from the more accurate present results. A formulation was 
sought which comprised a smoothed appraisal of the ~ rime! 
evidence over considerable range, and an empirical equation for + 
was derived which satisfactorily does this over the r: unge 0° to 200° ( 
After appraising the reliability of the various measurements, it wa: 
decided to weight them ace ording to the number of observations a 
to give the observations of 1930-32 and those of 1937, respectively, 
one-fourth and one-half the weight of the observations of the presen! 
series. 

The empirical equation for y, as finally adjusted to these weighte 
data by the least-squares method, is written 


v= 2500.5 —2.3233¢— 107, 


where 2+5.1463—1,540/T, t is in degrees centigrade, 7 is in degrees 


Kelvin (t+-273.16), and y is in international joules per gram. This 
equation represents not only the present values of 7 between 0° and 
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°C but also the earlier values between 50° and 200° C from 
»revious reports. The degree of accord between the observed and 
calculated values is shown graphically in figure 8. 

Between 170° and 200° C the equation gives values which are prac- 
tically identical with the formulation of 1937, and therefore these 
values merge smoothly in this region. From 0° to 200° the new 
formulation supersedes the previous one, and together they complete 
the determination of y over the entire range from the ice point to the 
critical region. 

Values of the latent heat of vaporization, Z, are caleulated from y 
by applying the corresponding values of 8, which are computed as 
described in part 2 of this report. Table 13 includes the experimental 
mean values of y which were used in the formulation, corresponding 
values of 6, and ealeulated values of y and L. 

Values of the specific volume of the saturated vapor, w’, were cal- 

lated from y by the relation 


y=u' TdP/dT. 
[he values of the Clapeyron factor, TdP/d7T, were calculated from 
yapor-pressure derivatives, as described in part 2. 
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COMPARISONS WITH EARLIER WORK 


\ review of determinations of heats of vaporization of water previ- 
to 1930 has already been made by Fiock [24]. No further attempt 
«ill be made here to review critically those determinations. How- 
ayer, since some of the results of earlier experiments are expressed in 
iorms of the heat capacity of water, it is necessary to use heat-capacity 
, to convert those results to elec tric-energy units. In the review 

by a iock these conversion data were obtaine d from the 1930 measure- 
ments at the NBS. The measurements given in part 2 of this report 
F<upply more accurate conversion data which will be used, where 
necessary, to Interpret early results. The determinations of heats of 

rization will be brie fly mentioned. 


Dieterici 


Di tericl [30] used a Bunsen ice calorimeter to measure the heat of 

aporization at 0° C. In interpreting his results, uncertainty in units 

avoided by using his own calibration of his ice calorimeter in terms 
of + he mean calorie. By using the NBS value of the mean calorie 
long the saturated path (4.1903 int. j/g-°C) Dieterici’s value of the 
eat of vaporization at 0° C becomes 2492.2 int. j/g. 


Griffiths 


Grifliths [31] measured the heats of vaporization at 30° and 40° C, 

reatest uncertainty in the reduction of his data is in the evalua- 
tion of his electrical units. On the assumption that the electromotive 
foree of his Clark cell was 1.4328 int. v instead of the 1.4342 that he 
sed, his values are 


Ly? = 2425.2 int. j/¢ Ly? = 2400.0 int. j/g 
Henning 


Hen ining [32] made measurements in 1906 on the heat of vaporiza- 
tion between 30° and 100° C. His summary in 1919 gives values of 
s formulated results below 100° C, as follows 
Lye = 2426.0 int. j/g. Lo? = 2333.1 int. j/g. 
Ly? = 2403.8 int. j/g. Lye? = 2308.0 int. j/g. 
Ly? = 2380.8 int. j/z. Ly? = 2282.5 int. j/g. 
] 


2357.4 int. j/g. Ly° = 2255.7 int. j/g. 


A. W. Smith 


Smith [33] made determinations between 14° and 100° C by evapo- 
‘iting water into a stream of air. Correction is made to the 1907 data 
r the revised Clark cell voltage. The values from Smith’s experi- 
ments are as follows: 
Ly4° = 2463.5 int. j/g. Lo° = 2401.4 int. j/g 
L° = 2447.6 int. j/g. Lin° = 2261.6 int. j/g. 
Lg° = 2431.1 int. j/g. 


Richards and Mathews 


Kichards and Mathews, and Mathews [34] measured the heat of 
vaporization at 100° C by a condensation method. After correction 
of the 1911 series, as'later suggested by Mathews, the 1911 and 1917 
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series vield essentially the same result. Using the 1939 NBS Jo: 
capacity data, their average value for the heat of vaporizatio 
100° C is 2257.3 int. j/g. 


Carlton-Sutton 
Carlton-Sutton [35] used a modification of Joly’s classical apparatys 
to measure the heat of condensation of water directly in terms of th 


mean calorie without any reference to electrical standards. His {ing 
value of 538.88 mean cal, when interpreted by the NBS—39 value fp, 


f 
| 
} 








4 
4 


TEMPERATURE “Cc 


FIGURE 8.—Comparison of values of heat of vaporization. 


the mean calorie along the saturated path, yields the value 225s. 
int. j/g for the heat of vaporization at 100° C. 


National Bureau of Standards 


Measurements at the National Bureau of Standards in 1930 [2] and 
1932 [29] were made with an earlier calorimeter of different desig! 
from that of the present calorimeter. The observed values of heat of 
vaporization, Z, in the range 50° to 100° C were: 


Lo 2381.8 int. j/g. Ly° = 2282.7 int. j 
Lio 2333.6 int. j/g. Ligo° = 2257.3 int. j/g. 


a 


‘ 


Measurements above 100° C were made at the National Bureau o! 
Standards in 1937 [3] with another calorimeter. The value observed 
in 1937 of heat of vaporization, L, at 100° C, was 2256.38 int. j/g. 

It is believed that the measurements made with these two earlie! 
calorimeters are inferior in precision to the present results using a 
improved calorimeter, but since these earlier results were obtained 10 
calorimeters of different design from that of the present, they wer 
included in the formulation in the present report. 
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In figure 8, & comparison is given of the various measurements of 
the heats of vaporization between 0° and 100° C. The base line in this 
jcure is taken from the NBS—39 formulation. 

The formulations of heat capacity and heat of vaporization, which 
have been given in this report, are considered more reliable than those 

jyen in previous reports from this laboratory in the range 0° to 100° C, 
a smuch as the values of some of the properties of saturated water 
and steam above 100° C depend partly on the values below 100° C 
reappraisal has been made of all the measurements made at the 
National Bureau of Standards and the results compiled into a single 
table of smoothed values in the entire range 0° to 374.15° C. This 

mpilation appears elsewhere in this journal [36]. 
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THERMAL PROPERTIES OF SATURATED WATER AND 
STEAM 


By Nathan S. Osborne, Harold F. Stimson, and Defoe C. Ginnings 


ABSTRACT 


The completion of new measurements of heat capacity and leat of vaporization 
f water in the range 0° to 100° C has contributed new data which affect the 
iecepted values of the saturation properties of water and steam in the whole range 
p to the critical region. With these new data, it is now possible to compile the 
esults of the entire series of measurements which have been carried out in this 
aboratory into a single table of smoothed values of the properties of saturated 
water and steam. The compilation presented supersedes the previous tabula- 
tions which have accompanied reports of the experimental measurements in this 


aboratory 


The properties of saturated steam and water included ia the tables 
presented in this compilation are vapor pressure, specific volume, 


enthalpy, and entropy. 

In the previous reports [1, 2, 3, 4]', data obtained by calorimetric 
measurements have been given in several partial contributions, none 
of which has covered the entire range 0° to 374° C. It is the purpose 
of the present compilation to assemble these data into a thermodyna- 
mically consistent group, with the experimental irregularities smoothed 
out by the use of formulations. As far as possible, the formulas used, 
both empirical and theoretical, are indicated, and the experimental 
bases of the empirical formulas are also given. The units used are 
the same as those in the International Steam Tables [9]. 

It will be convenient to give the descriptions in two main parts, the 
lirst being for the range 0° to 100° C and the second from 100° to 
374.15° C, since most of the reductions in the range 0° to 100° C have 
already been made in the report [4] on the experimental work, which 
is being published at this time. In that report an account is given of 
the measurements of the heat capacity and heat of vaporization of 
water, including the reduction of the data to give values of specific 
heat, enthalpy of both liquid and vapor, and specific volume of the 
vapor. The values in this range are taken directly from the report, 
making conversions to the units used in this tabulation. 


res in brackets indicate the literature references at the end of this paper 
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relations are obtained, by which enthalpy, entropy, and specific yo. 
ume are obtained from the calorimetric data. 


From the theory [5] of calorimetry of a saturated fluid, the followin: 


HT), alo’ + Blo! 
A’)|' =H) ‘+L, 


*] dadt B ’ 
DI, q ’ i dt +| >, 
“ oy 
?’),'= P]o + T 
B=uTdP/dt 
y=u'TdP/dt 


In the above e equi ations H and H’ denote enthalpy; ® and &’ denote 
entropy; w and u’ denote specific volume, in each case, respectively, 
liquid and vapor; L denotes heat of vaporization (H’—H); t IS Ag 
pressed in degrees centigrade, and 7’ in degrees Kelvin (¢+-27 3.16 

In order to calculate the v ralues for entropy, ®]‘, from the rel: x 
given above, the empirical equation for da/dt from the previous report 
[4] is used. This equation is 


da 


=4.1699-+-15.27t (10)-°+0.0467 (10) ~%9* 

dt , : 
where da/dt is given in int.7/g-°C. After dividing the right member of 
this equation by 7’, the first two terms may be integrated directly in 
the evaluation of entropy. The third term could then have been 
integrated by numerical summation, but it was preferred to substi- 
tute for it a new empirical function which could be integrated directly 
The integral { —1964.6 (10)~ @*®-7559} of this new function was sub- 

t 


‘ , i ] , . ' 
stituted for the term {0.0467 i 7" 10)-°% dt}, and this was found to be 
) 


equivalent to it well within the present requirements. By combining 
the calculated integrals of the three terms with the corresponding 
values of 8/7’, the values of ©], were found for each of the 5° points from 
0° to 100° C. By adding the corresponding values of 1/7’, the values 
of ©], were found for the entropy of saturated vapor. These were 
converted to International Steam Table Calories per gram-degree 
centigrade for inclusion in table 2 

The values for specific volume of saturated liquid (0° to 100° C) 
given in table 2, were derived from the data of Chappuis [6], Thiessen 
[7], and Smith and Keyes [8], and are in agreement with the values 
adopted by the 1934 International Conference on Steam T ables [9]. 

The values of vapor pressure from 0° to 90° C, inclusive, given i 
table 2 were obtained by use of an unpublished formulation of th 
vapor-pressure data of the Reichsanstalt as reformulated by H: arold 
T. Gerry and used by the International Steam Table Conference |! 
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; a basis for definitive values. Dr. Gerry has very kindly given 
mission to quote the empirical equation 


10° 108 373.16 
ce — 3 Verne 2 '+-8.2 log = 
lc ot 142 | 1 373.16] | S.z2 losin y i ) 


—().0024804 (373.16 — 7’) 


in which P is in standard atmospheres and 7’ is in degrees Kelvin. 
These values of P were converted into kilograms per square centimeter 
by using the factor 1.033228. 
For the remaining race of the table, 100° to 374.15° C, part of 
the calorimetric data from previous re ports has been reformulated in 
‘to make allowance for the small changes in values below 100° 
pe by the latest results. 
The enthalpy of saturated liquid was calculated, using the new 
formula for the @ function in the range 100° to 374.15° C, as follows: 


0.48558 + 4.17144t— {0.6058 (¢— 130)*!—0.01812(t— 200)***} 107° 


This equation gives values of @ in international joules per gram. The 
values merge smoothly with the later more accurate experimental 
values, immediately below 100° C and are considered to be a good 
representation of the calorimetric data. 

The values of the specific volume of saturated liquid, wu, given in 
table 2, and used for computation of 8 from 100° to 325 °C, were 
btained from the results of Smith and Keyes [8]. From 330 to 
174.15° C, the values of 6 and corresponding values of u were obtained 
rom the calorimetric data of the previous report [3]. The values of 
P and dP/dt im the range 95° to 374.15° C are from the formula of 
Osborne and Meyers [10], based on recent measurements. 

The values of y in the range 100° to 190° C were obtained by com- 
putation, using the formula given in a recent report [2] 


y=2500.5—2.3233 t— 107, 


vhere r=5.1463—1540/7, t is in degrees centigrade, 7 in degrees 
Kelvin, and y in international joules per gram. This formula repre- 
sents an adjusted appraisal of all the measurements of heat of vapor- 
ation made in this laboratory in the range 0° to 220° C and merges 
smoothly with the values of y above 170° C, as deduced from formula- 

us In a previous report [3]. From 195° to 374.15° C, inclusive, the 
values of L are directly obtained from the formulation of LZ in the 
porn report [3]. Corresponding values of y in this range are in 
accord with the preferred values of 8, as specified above. 

The values of specific volume of saturated liquid, wu, and of satu- 
ated y Apor, u’, are consistent with values of @ and y through the 

ermodynamie relation, using the Clapeyron factor, TdP/dt. 

‘For obts aining entropy in the range 100° to 374.15° C, use was made 
[the empirical formula for a given above and expressed in the dif- 
lerential form 


da 


jp 74-1744 — (1.878(t— 130)*!—0.066 (t—200)?*} 10~°. 


a , ase : da , 
or convenience in integrating the function Td’ this function was 
. ( 
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formulated, using values from the da/dt equation to obtain a new ey. 
plicit function of temperature of the form 
da A, zi (44 
Tit 


which, by ln. becomes 


+ 10-7 {—0.0607 (t— 130)? + 0.0105 (t—200)29| 


‘yy 


wes! 
1 


tda 


Tait = 9.605095 log 
t, 4¢ 


+107 | —0.020233(¢— 130)°+ 0.003192(¢—200)*| 


In this equation, however, values of (t—130)° are to be used on! 
above 130° C. By using the calculated values of this integral, th) 
value of entropy at 100° C as the constant of integration, and values 
of 6/T, the values of ®]‘o, entropy of saturated liquid at the tempers- 
ture ¢, are determined. Values of ©’]‘, entropy of saturated vapor 
are determined by the addition of L/7. 

Tables 1 and 2 contain the numerical values obtained as described 
in the foregoing text. For conversion from international peek er 
gram to Internation: il Steam Table Calories per gram, the fact 
int. j/g=0.238891 IT Cal/g has been used. 

It may appear that the compilation of these properties of saturated 
water and steam as described here is quite a patchwork. Simplici ity, 
rationality, or orderliness of formulas have as yet eluded the inspi- 
ration of this group and its colleagues. However much care has been 
taken to insure that the tabulated values are smooth functions of 
temperature and that the different groups of NBS calorimetric data 
have been fairly interpreted to give a consistent and congruent com- 
pilation, which now supersedes earlier ones issued from this laboratory 
[1.] N.S. Osborne, H. F. Stimson, and E. F. Fiock, A calorimetric determination 

of thermal properties of saturated water and steam from 0° to 270° C. BS 
J. Research 5, 411 (1930) RP209. 

[2.] E. F. Fiock and D. C. a Heat of vaporization of water at 50°, 
and 90°C. BS J. Research 8, 321 (1932) RP416. 

[3] N.S. Osborne, H. F. Stimson, and D. C. Ginnings, Calorimetric determinatior 
of the thermodynamic properties of saturated water in both the liquid a 
gaseous states from 100° to 374° C. J. Research NBS 18, 389 (1937) RP983 

[4] N. S. Osborne, H. F. Stimson, and D. C. Ginnings. Measurements of hea 
capacity and heat of vaporization of water in the range O° to 100°C. J. ki 
search NBS 23, 197 (1939) RP1228. 

Nathan S. Osborne. Calorimetry of a fluid. BS J. Research 4, 609 (1930 
RP168. 

M. P. Chappuis, Dilatation de l’eau. Travaux et Mémoires du Bureau Inter- 
national des Poids et Mesures 13, (1907). 
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1 (1904). 

[8] Leighton B. Smith and Frederick G. Keyes, The volumes of unit mass of liq 
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Am. Acad. Arts Sci. 69, 285 (1934). ; To 
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ELECTROPHORESIS OF COLLAGEN 
By John Beek, Jr. and Arnold M. Sookne 


ABSTRACT 


lhe electrophoretic mobilities of four collagens and a gelatin were measured 
One collagen was prepared from a limed steer hide; the other three were from the 
fresh h Fy tendons, and bones of a steer. The differences between the mobilities 
are explained in terms of differences in the amidonitrogen contents of the various 
preparations. The isoelectric point of the unlimed-hide collagen is at about 7.0 
n the pH seale. 
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I. INTRODUCTION 


Some properties of cotlagens prepared from the hide, tendons, and 
bone es of a steer are being compared in connection with research work 
n leather at the National Bureau of Standards, with the object of 
ori to what extent the white fibrous connective tissues of 
these structures are similar. This paper reports measurements of the 
electrophoretic mobilities of particles of these collagen preparations, a 
velatin made from the hide collagen, and a collagen sample prepared 
from a limed steer hide. 


Il. EXPERIMENTAL MATERIALS AND PROCEDURE 


The preparation of the collagens has been described in earlier 
publications {1, 2].!. A Wiley mill was used to grind the samples. 
The gelatin was made from the unlimed-hide collagen by heating in 
water for 18 hours at 90° C. 

In measuring the mobilities, the procedure described by Moyer [3] 
was followed in detail. Four types of buffer mixtures were used, 
namely, acetic acid with sodium hydroxide, and hydrochloric, phos- 
phoric, and boric acids with potassium hydroxide. The ionic strength 
of all the buffers used was 0.02 molar. The acidities of the suspensions 
were measured with a glass electrode, the scale being fixed with refer- 
ence to a value of 4.01 for the pH of a 0.05 molar solution of potassium 
acid phthalate. 

The mobilities of gelatin were measured using suspensions of 
particles of Pyrex |: iboratory glass in solutions containing 0.01 percent 
of gelatin. Preliminary experiments at two acidities showed that, 
the concentration of ge latin was increased beyond this value, there was 
no further change in the mobility of the particles. 


' Figures in brackets indicate the literature references at the end of this paper. 
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At least 10 times of transit were measured for each suspensio, 
studied, the mean time being used for the calculation of the mobility 
The measurements were made at 25° C. 

The amidonitrogen contents of the collagen preparations wer 
compared by hydrolyzing samples in 0.1 N hydrochloric acid for 9 
hours at 100° C, neutralizing the solutions, and distilling the ammonis 
in the presence of an excess of magnesium oxide. As the amount of 
ammonia obtained varies with the conditions of hydrolysis and dis. 
tillation [4], the results have no absolute significance. It 1s assumed 
here that the differences between results obtained under the san, 
experimental conditions probably give a measure of the differences 
between the amounts of amidonitrogen in the several samples. 


III. RESULTS AND DISCUSSION 


The results of the determinations of mobility are shown in figure | 
The relatively large vertical scale in this figure was used because of 
the small slopes of the curves for the collagen preparations. 
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Figure 1.—The mobilities as a function of acidity. 
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Smooth curves are used in B and C to represent the mobility of the unlimed-hide collagen in order to avoid 
confusing these graphs with a large number of points. 


The divergence of the mobilities at the lower acidities is qualita- 
tively explained by the differences between the amidonitrogen con- 
tents of the various preparations, with the possible exception of the 
pair consisting of tendon and unlimed hide. The amidonitrogen 
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sontents of the tendon, bone, and limed-hide collagens are lower than 
that of the unlimed-hide collagen by 0.1, 0.6, and 0.6 percent of the 
total nitrogen, respectively. This decrease in the amidonitrogen 
ontent is accompanie “| by an increase in the number of free ce arboxy! 
vroups, Which in_ turn has the effect of increasing the net hegative 
“harge, if the acidity of the suspension is such that the free carboxyl 
epoups are ionized to a considerable extent. 
With regard to the isoelectric points, it may be pointed out that 
ning had the effect of shifting the isoelectric point of the hide collagen 
‘om near 7 to about 5.3 on the pH seale. The gelatin used in this 
work has a less acid isoelectric point, namely 5.0, than those for which 
measurements are reported in the literature [5, 6], presumably because 
yo acid or alkali was used in its preparation from the collagen. Thus, 
t may be seen that the electrophoretically determined isoelectric 
wint of a sample of collagen or gelatin depends on the processes used 
in its preparation. 

In conclusion, three points should be emphasized. First, if it is 
assumed that all the collagens used were the same in their natural 

ies, the relations among their mobilities are satisfactorily explained 
iy ths ak: OL the teenie ened ia ‘purifying’ the samples. 
secondly, the acid treatment used in decaleifying the bone collagen 
ind the alkaline treatment used in depilating the limed hide produced 
materials which are closely similar with respect to their electrophoretic 
mobilities. Finally, the effect on the mobility produced in the 
formation of ge latin from hide coll: agen appears to be similar to the 
fect produced in the bone and limed-hide collagens by the acid and 
alkaline treatments. 


hy 
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THE SYSTEM PbO-B,0,-Si0, 
By R. F. Geller and E. N. Bunting 


ABSTRACT 


e system was investigated by well-known methods of quenching and petro- 
e examination. One ternary compound, 5PbO.B.O3.8iQ2, was established. 
4) pereent of the system is occupied by the fields of PbO.2B,03 and of SiO, 

e fields lie predominantly under a two-liquid area. That portion of the 
tem containing less than 60 percent of PbO is incomplete. 


CONTENTS 


Introduction_- 
Experimental proc edure- 
1. Preparatory work- 
2. Test methods_- 
Binary systems of components 
Ternary compositions as glasses 
The two-liquid area 
Fields of stability — 
1. SiO, and PbO. 2B, O3- 
Be 5PbO. B 2003.8i09- i 5 : 
3. PbO.SiO., 2PbO.SiOz, ~4PbO.SiOs, PbO, 4PbO.B,0;, 2Pb0.- 
B03, and 5PbO.: 1B,0s. 


nmary 


I. INTRODUCTION 


This report covers the results of studies on the system PbO-B,O,- 
si0,, 2 combination of oxides of interest primarily to manufacturers 
of glazed semiporcelain ware and of colors used for decorating ceramic 
whiteware and glass. These oxides are used also in the production of 
some glasses and vitreous enamels. The study is a part of the general 
investigation on systems containing PbO.! 

The study of phase equilibria was limited, with the exception of a 
fey melts, to mixtures containing more than 50 percent by weight of 
PbO because melts containing lower percentages are of very high 
viscosity. This property, in conjunction with the continued volatili- 

zition of BO; and of PbO at erystallizing temperatures, makes the 

ittaining of even partial equilibrium in these viscous mixtures ex- 
tremely difficult and time-consuming. Furthermore, it is believed 
evident that the ternary compound established by this study is the 
only one to form in the system. 


\ ieller, A. S. o reamer “7 K. N. Bunting, J. Research NBS abe 37 ( ae RP705. 
F. Geller and E. N. Bunting, J. Kesearch NBS 1%, 277 (1936) RP911; and 18, 585 (1937) RP995. 


275 





276 Journal of Research of the National Bureau of Standards 


Il. EXPERIMENTAL PROCEDURE 
1. PREPARATORY WORK 


“End members’’ were sublimed litharge (PbO) containing 0.02 per- 
cent of total detected impurities, boric acid of reagent quality COn- 
talning less than 0.01 pe reent of total detected impurities, and quartz 
crystal | SiO.) containing 0.02 percent of nonvolatile residue on eVapo- 

ration with HF and H.SO,. 

All fusions were made in platinum, using electrically heated {up. 
naces. One hundred and five melts were analyzed chemically and 
portions of these used in various combinations to obtain additiona| 
preparations. When preparing the melts, it was necessary to alloy 
for volatilization of PbO and of B,O; in order to approximate the 
desired composition. 

The melts became increasingly unstable in air as the percentage oj 
B.O, exceeded about 30 and, for convenience, all preparations of melts 
and of crystallized samples were stored over P,O,. 

To determine SiQ,, 0.5-g samples were fused with NasCOs, dissolved 
in hot dilute HCI, evaporated almost to dryness, and the moist residi 
evaporated three times with 10 ml of CH,OH saturated with HC! 
This removed the B,O;. Silica was then determined in the usual way 

The PbO was dete .rmined as sulfate by double or, when necessary 
to obtain constant values, by triple evaporation with HF and H.SO, 

B.O; was determined by difference. 

All chemical analyses were made by A. S. Creamer. 


2. TEST METHODS 


Thermal studies were made by the quenching method. The 
samples for quenching were held in capsules of platinum foil. Pt to 
Pt-Rh thermocouples were used for temperature measurements and 
were ¢: alibrated by observing the melting temperature of KC! 
(770.3° Usually air quenching was sufficient; otherwise the 
samples were dropped into CC]. 

When working with compositions which crystallize readily, it is 
customary to quench from progressively lower temperatures — to 
note the temperature intervals within which crystals first appear. 
When, however, the melts are very viscous and the rates of crystalli- 
zation extremely low, it is more feasible to obtain at least partial 
equilibrium at some temperature below the solidus and then queneli 
from progressively higher temperatures. By this method, the investi- 
gator notes the temperature intervals within which the various crystal 
phases disappeat 

The time required to crystallize the melts varied over a wide range 
Compositions in which PbO exceeded 90 percent could be crystallized 
overnight, whereas many of those containing less than 80 percent were 
only partially crystallized after holding them several months at tem: 
peratures below the estimated solidus. In several instances, as illus- 
trated in table 1 (for example, melts 110, 140, and 160), melts beld at 
temperatures below the liquidus i in the two-liquid area still contained 
two liquids. The time that melts could be held to attain equilibrium 
was limited in some cases by volatilization from the sample or by 
attack on the platinum capsules. For example, in the preliminary 
work some melts were held unnecessarily long and the index of refrac- 


2F _ Kri ace acek, N. L. Bowen, and G. W. Morey, J. Phys. Chem. 33. 1857 (1929). 
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n of the glass, after remelting, or even the primary phase if the 
elt was near a boundary, would be different from that found for the 


me melt held for a shorter time. It was assumed that the compo- 
tion had been changed by volatilization. 

“With the exception of a few of the compositions highest in PbO, 
amples of the previously crystallized melts were held at least over- 
wht before each quench. Frequently it was necessary to compro- 
ise between the time required to reach complete equilibrium and 
ttack on the capsule. Such attack resulted in the capsules becoming 
black and brittle; and frequently the melts contained a scattering of 
mall, prismatic crystals which probably were composed in part of 


S 


platinum. 


Some compositions at approximately 10-percent intervals in the silica 
/ } ! } 
and lead diborate fields 


Composition Held to erys- | Treatment be- 
npos I | tallize fore quenching 


Tem- | Time | Tem: 
PbO | B2Os | Si | Time | pera- er | pera- 
| held 
| ; ture tur 


Percent | Percent | Percent| Daye | Pt ee) eee 
10.1 48.9 41.0 7 5 lwo glasses, lower index < (1.47 
20.0 40.3 | v0 | | Two glasses, lower index 1.47 
845 | Two glasses 
| 850 | Glass index 1.505 
40.5 | ) | ‘Two xlasses 
RH5 Do 
875 | Glass, index 1.54 
|} Quartz and two glasse 
960 | Tridymite and two glasses 
975 | Glass, opalescent 
} Quartz and glass 
1070 | Tridymite and glas 
1080 | Glass, index 1.63 
PbO.2B203 and two vlasse 
740 Do 
750 | Two glasses, lower index <1.47 
760 | Glass index, 1.485 
Minute crystals and two 
glasses 
750 | PbhO.2B.3 and two gls 
760 | Two glasses 
800 Do 
820 | Glass, index 1.505 
| PbO.2B,03 and tw 
750 | Deo 
770 
R50 
870 | ass, ( ‘4 
Zand two glasses 
| Tridymite and two glasses 
Two glasses, higher index 1.65 
600 Quartz and glass 
Tridymite and glass 
Glass, index 1.72 


Two glasse 
Two glasses, index 
b, 1.47 
Quartz and glass 
Do 
Glass, index 1.72 
| Quartz, PbhO.SiO, and glass. 
Do 
Quartz and glass 
Do 
| Glass, index 1.79 
Two classes, upper index 1.76 
PbO.2B203 and two glassc 
PbO.2B2,0; and gla 
| Glass, 1.72 
| PbO.2B;0, and glass 
Do. 
Glass index, 1.80, 
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The petrographic microscope was used to determine the phases 
quenched samples. Identification of the crystalline shies Was |i 
ited practically to the establishment of optical character and in ri 
of refraction. Samples in solid media (ranging in index of refrae; 
from 1.74 to 2.58) were examined by means of white light pgs 
through a No. 25 Wratten filter, which type of illumination had }y 
used in determining the indices of the media.® 

X-ray diffraction patterns were made and interpreted by }] 
MeMurdie. Samples were pulverized and mounted with collocdioy 
glass rods 0.1 to 0.2 mm in diameter. The sample, placed at the ¢ 
of a cylindrical camera with a radius of 5.70 em, was rotated constansh 
during 17 hours’ exposure. Radiation was produced by a ¢ ast 
tube with copper target, the tube being operated at approxima 
40 kv and 4 to 5 ma. The K§-radiation was removed by a nj 
filter at the entrance to the camera. ; 


III. BINARY SYSTEMS OF COMPONENTS 


The systems PbO-SiO, and PbO-B,O; have been described by th; 
authors.* . 

The system B,O;-SiO, has been investigated by Greig ® and | 
Cousen and Turner,’ who believe these oxides as glasses to be co 
pletely miscible in all proportions. 

Since the report by the authors on the svstem PbO-B,Os, the ervst 
lization of B,O; has been accomplished ? and its properties reported: 


IV. TERNARY COMPOSITIONS AS GLASSES 


The thermal expansion, softening temperature by interferomete: 
method, and relative solubility of compositions at 10-percent inter 
have been reported.? Index of refraction values of the same melts, 
and additional ones in the high PbO region, are shown in figure 1. |: 
the majority of cases the melts were either too viscous to permit 
“fining” to clear, uniform glasses, or they were opalescent beeaus 
separation into two liquids. Consequently, the values given in thi 
figure represent the average indices. 

The value for B.O; glass is taken from the work of Morey and Mer 
win ’° and the value for SiO, glass from Tilton and Tool." 


V. THE TWO-LIQUID AREA 


At least 90 percent of the system is occupied by the fields of i 
and of PbO.2B.0;, and the greater ayia of both these fields 
under a region of liquid immiscibility (fig. 2). Very little is vii WI 
about the two-liquid area. Its ese Bey as indicated in figure 2 
were estimated largely by whether or not the melts developed opaq 
ness without the development of crystals discernible either mic 


3 These media had been prepared, during another investigation, by L. T. Brownmiller, using 
and iodides, and sulfur and selenium mixtures, as recommended by Esper S. Larsen and Harry Bert 
United States Geological Survey Bulletin 848 (1934). 

4 See footnote 1 

§J. W. Greig, Am. J. Sel. [5] 13, 133 (1927). 

6 A. Cousen and W. E. Turner, J. Soc. Glass Tech. 12, 169 (1928). 

7L ae ulloch, J. Ain. ‘Cher m. Soc. 59, 2650 (1937). 

* F. C. Kracek, G. W. Morey, ad aE. Merwin, Am. J. Sci. [5] 835A, 143 (1938) 

°R r Geller, E. N. Bunting, and A. S. Creamer, J. Research NBS 20, 57 (1938) RP 1064. 
0G. W. Morey and H. E. Merwin, J. Am. Cher. Soc. 58, 2248 (1936). 
"L. W. Tilton and A. Q. Tool, BS, J. Research 3, 61¥ (1929) RP112, 
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hiGURE 1.— Average indices of refraction of compositions as glasses. 





s below 1.72 are believed accurate within +0.005, and higher values within +0.01. 


FiagurE 2.—The system PbO-B,0,-SiOz. 
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scopically or with X-rays. In these cases the opaqueness was cays 
by the intimate mixture, or emulsion, of the two glasses. 

In that portion of the area indicated as lying over the PbO 2p. 
field, identifiable crystals of this phase were developed after holdine 
melts for several w eeks or months at favorable temperatures | table . 
Also, the two liquids in several compositions separated sufliciently 
— the determination of their indices. The lower index, aby), 

47, would support the assumption that the two-liquid area exter; 
: compositions containing less than 10 percent of PbO. Since 
glasses on the same PbO “‘level’’ have about the same indices (fie. | 
it is evident that the indices of two immiscible glasses do not indicgs, 
the direction of isotherms within the two-liquid area 

The liquidus surface of the two- liquid area in the PbO.2B 
is apparently very flat, dropping from 742° in the PbO-B,O, system 
about 730° at the PbO.2B,0;-SiO, boundary. Proceeding be -vond this 
boundary into the SiO, Sald, the surface must rise sharply as ote 
by the isotherms extending from the PbO-SiO. system. 

The data (table 1) indicate also that the upper surface of the two. 
liquid area over the p bO.2B,0; field, and at the 30-percent SiO, level 
is about 10° C above the liquidus at the 10- a PbO level, 50° | 
above at the 20-percent PbO level, and 100° C above at the 30-percen: 
PbO level. 

VI. FIELDS OF STABILITY 


1. SiO. AND PbO.2B,0; 


That portion of the SiQ, field which is known not to be under t 
two-liquid area extends as a narrow belt, along the PbO-SiO, sid 
the diagram, to the SiQ,-PbO.SiO,-PbO. 2B,0; quintuple point.  Be- 
cause of the practical difficulty of obtaining complete crystallizatio: 
in the proximity of this point, its location was estimated from th 
contour of the liquidus and placed at 540° + 10° C and 75 percent | 
PbO, 15 percent of B,O;, and 10 percent of SiO,.. Typical data fo 
some of the compositions at approximately 10-percent intervals an 
riven in table 1 

No information was obtained on how far that portion of thi 
PbO.2B,0, field near the 100-percent B.O3; apex, and not under th 
two-liquid area, extends into the system. In a report on liqui 
immiscibility in the system CaO-B,O;-SiO,, Morey ” has suggested : 
possible relation of primary fields adjacent to the B. 203-Si0, side in tha 
system. The same general arrangement of phase re lations m: LV exist 
in the comparable portion of the PbO-B,O,-SiO, system. In figure 2 
the heavy broken lines show experimentally determined tren 
whereas the light dotted lines indicate possible limits of the fields. 

The boundary for the PbO.2B,0; field falls from about 730° C 
its intersection with the two-liquid area, through the Si0,-PbO.Ni0,- 
PbO.2B,0; rr o to the PbO.SiO,-PbO.2B,0;-5PbO.4B,0 
quintuple point at : ‘and 81 percent of PbO, 13 percent of B 0 
and 6 percent of SiOs, The boundary then rises to the PbO-B.0 
system at 548° C and 83 percent of PbO. 

Near the PbO.SiO,-PbO.2B,0,;-5PbO.4B.0, quintuple point, show 
to better advantage in figure 3, is a small area, A, within which 
unidentified ery stal phase was primary in two —— It 
appeared in no other compositions, although several in adjacent 


7G. W Morey and Ear! Ingerson, Am. Mineral. 22, 37 (1937). 
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ortions of this system begin to crystallize within the temperature 
A was found in the binary system (530° to 580° 

Ty is be lie as to be a metastable form either of PbhO.2B .O, or of 
PbO.4B.0O5. Adjacent boundaries are shown in broken lines to 
ieate that the field of phase A may or may not be completey en- 
closed by the field of PbO.2B.0,. It should be noted that the see- 
ondary phase in melt 445 (fig. 3), which phase appears on cooling at 


tion 


i! ad 


Fy 2FLO Ly 
That portion of the system PbO-B.O3-SiO, containing over 75 percent 
(by we ight) of PbO. 


le intersection of the dotted line (crystallization curve) with the 
PhO.NO, boundary, 1s PbO.2B.0,, and therefore field A does not 
extend to the quintuple point at 527° C. 


2. 5PbO.B.0;.Si0, 


Pentalead borosilicate (89.58 percent of PbO, 5.59 percent of 
B.O., and 4.83 pereent of SiO,) is the only ternary compound found 
i this system. It melts incongruently at 551° C to form 2PbO.Si0, 
ind liquid.* Its field, although small (fig. 3), is bounded by the fields 
i seven other compounds, and its boundary includes the three 

itectic points and all of the quintuple points, except the two already 

uscussed, Which are found in this system (table 2). 

Optically the prismatic erystals of 5PbO.B,O;.SiO, are nearly, or 
ite, uniaxial; character is negative; and the indices of refraction are 


Ta 2.040.005, and w (or B and y) 2.085+0.005. At tempera- 
same phase which appeared in the PhO-B2O3 system. KR. F. Geller and E. N. Bunting, J. 

rel NBS if 685 (1937) RP995 
eres sting : that the only ternary compound found at the liquidus in the system lime-boric oxide- 
same molecular ratio (see E. P. Flint and Lansing S. Wells, J. Research NBS 17, 727 (1936) 
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tures above approximately 535° C, and in compositions occupying t}, 
central and “high-lead” portions of the shaded area (fig. 3), thes 
crystals have indices of refraction equal to 2.09 (min) and 2.12 (ina, 
In compositions at the “low-lead” fringe of the area, and at temper. 
tures between about 535° and 545° C, the indices were found to hy 
about 2.08 (min) and 2.10 (max). The interference figure appear 
the same for all of these crystals. That the changes in indices res))); 
from solid solution and do not evidence polymorphism in the ternary 
compound is shown by the results of MceMurdie’s examinations: — 


TABLE 2.—I nvariant points in the system lead borosilicate 
| Composition by weight 


PbO B203 | SiOg 


| | 
Percent | Percent | Percent | 
SiO27-PbO.SiO2-PbO.2B203 7% | 15 | 10 Quintuple 
PbO.Si02-PbO.2B203-5PbO.4BoO; § | : | 6 | do 
5PbO.B203.Si02-PbO.Si02-5P bO.4B203_. . $4. ¢ ; 4.5 | Eutectic 
5PbO.B203.Si02PbO.Si02-2Pb0.Si02 3. 3 | 7.6 6.1 | Quintuple 
5PbO.B203.Si02-2PbO.Si02-4PbO.SiOg __- 91. 5.3 | 3.2 | do 
5PbO.B203.Si02-4PbO.SiO2-PbO é 92. 4.5 | 2.8 |_....do 
5PbO.B203.8i02-4PbO. B203-PbO 9° | ‘ 2.5 | Eutectic 
5PbO. BoO3.8i02-4PbO. B203-2Pb0. B2O3 i 7.5 | a do 
5PbO. B203.S8i02-2Pb0. B203-5PbO.4B203___ 86. y 3.4 | Quintuple 
| | 


* Under the particular conditions of test used in this investigation, this value is believed to be reprodu 
within +1° C. 


The X-ray diffraction pattern of the crystallized 5PbO.B,O,.Si0, 
composition and the composition in the central portion of the solid 
solution area (crystals and glass) indicated an orthorhombic structur 


with a9=5.14 A, b> =5.68 A, and e,-=6.24 A. This gives an axial ratio 


of 0.905:1:1.10. The spacings and the estimated relative intensities 
are given in table 3. Column 4 gives the spacing calculated fron 
the unit cell size as given above. The lines produced by planes wit 
d less than 1.552 were rather faint owing to absorption of the radiatio 
by the Pb. 


TABLE 3.—I nterplanar spacings of 5PbO.B203.SiO,2 


7 . 
Relative | Miller | daa: cal- 
intensity *| indices culated 


Relatve | Miller 


d observed ; 
sees : intensity °| indices 


drei observed 


| 
011 | 
101 | 
111 
002 
020 | 

| 
012 
121 
211 
022 


2S, strong; SS, very strong; M, mediuin; W, weak; WW, very weak. 


3. PbO.SiO., 2PbO.SiO., 4PbO.SiO., PbO, 4PbO.B,0;, 2PbO.B,0; AND 
5Pb0.4B,0; 


There are no unusual features about the fields for these compounc 
The boundary curves, and the important temperatures and inyarian! 
points, may be obtained from figures 2 and 3, and table 2. 





by 
py 


The System PbO-B,O,-SiO, 
VII. SUMMARY 


The compositions studied have some potential value to those inter- 

sted in ste able, low-melting glasses of high refractive index. Thei “ir 
value as ceramic glazes is limited and has been discussed in & previous 
ublication (see footnote 9). 
| Phase relations within the system resemble those for the system 

('a0-B,O,-Si0, in two particulars; the two-liquid area covers a large 
yortion of the diagram; and the one ternary —— possessing : 
seld in each system has the same molecular ratio (5:1:1). 

The new compound, 5PbO.B,0;.SiOz, melts i Sue ntly at 551° C 
to form 2PbO.SiO, and liquid. It is negativ e in character and the 
\-ray pattern shows orthorhombic, and therefore biaxial, structure. 
‘Interference figures indicated the crystals to be nearly, or quite, un- 
axial, The indices of refraction are € (or a) 2.04+-0.005 and @ (or 6 
and y) 2.085+0.005. Throughout a small area it forms solid solu- 
tions as a result of which the indices are raised to 2.10 (min) and 2.12 


max), but an X-ray pattern of solid solution crystals having these 


indices did not show a measurable shift as compared with the pattern 


‘or the compound composition. 
The liquidus of the lowest-melting eutectic is at 484° C and 84.5 


percent of PbO, 11.0 percent of B.O;, and 4.5 percent of SiQs. 


Wasuineton, April 28, 1939: 
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PARTICLE SIZE AND PLASTICITY OF LIME 
By Dana L. Bishop 


ABSTRACT 


Particle-size distributions and Emley plasticity values were determined on 25 
irated limes. The geometric weight-mean diameters varied from 2.9 to 7.8 
rons. There was no relation between their particle-size distributions down to 
ecrons and their Emley plasticity values. Hydrated limes having very similar 
cle-size distributions had widely different plasticities. Particle-size measure- 
down to about 1 micron were made on quicklime putties prepared by 
ng quicklimes with an excess of water. Putties prepared in such a manner 
yverv much finer than the commercial hydrated limes. There was also no 
) between the distributions down to 1 micron and the Emley plasticity 
: of the quicklime putties. Limes having the same calculated specific 
race may have widely different particle-size distributions. It is possible that 
stribution of the material finer than 2 microns may be the determining 

he plasticity of limes 


CONTENTS 
lt ul duetion 
Measurements 
Emley plasticity values 

2. Particle size___ 

Particle-size distributions 

Particle size and Emley plasticity values of hydrates 
\. Particle size and Emiey plasticity values of quicklime putties 
‘i, Summary 


I. INTRODUCTION 


Very few data are available concerning the particle-size distribution 
f commercial hydrated limes, especially for that portion which is 
finer than 10 microns. For this reason and because of the recent 
uterest in the plasticity of lime, these data relating to the particle 
size and Emley plasticity values of hydrated limes and quicklime 
itties are presented. 


II. MEASUREMENTS 
1. EMLEY PLASTICITY VALUES 


Plasticity measurements of the hydrated limes and quicklime putties 
were made with the Emley plasticimeter, the instrument commonly 
ised in the lime industry to measure pli isticity.!. The limes were 


eS-I 3 |, Federal Specification for Lime; eyes (for) Structural Purposes Also Standard Speci- 
ons for Hs drated Lime for Structural Purposes, ASTM Designation C-6 ai, Ain. Soe. for Testirg 
tials, Standards, pt 2, Non-Metals, p. 30 (1936). 
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made into stiff putties with water and allowed to soak overnight, af; 
which they were ) brought to standard consistency by the or radu 


maximum sles istic ity. 
2. PARTICLE SIZE 


The particle-size measurements reported in this paper were made }y 
a method previously described.? This method consists essential 
in weighing the lime as it settles out of suspension in a liquid, ani 

cale ulating the particle-size distribution from the sedimentati, 
record. Anhydrous butanol was used as a dispersion medium. This 
medium was chosen instead of water because it gives better dispersio, 
of the lime. When lime is dispersed in water, agglomeration takes 
place, which alters the rate of sedimentation very much and woul 
yield erroneous sedimentation data. In dilute suspensions in wa 
much of the finer fraction is also lost through the interaction of the lim 
and carbon dioxide, with consequent solution and reduction in size 
some of the particles. This seriously affects the particle-size indi 
tions, especially of the finer sizes. Sedimentation measurements 
were therefore made on dry hydrated lime after dispersing it in butano! 
with the aid of a stirring device. 


III. PARTICLE-SIZE DISTRIBUTION 


The sedimentation data of the hydrated limes indicated that many 
of them contained large amounts of very fine material. This fin 
material settled so slowly that it was impractical to obtain a complet 
sedimentation curve. Hence the sedimentations were ordinarily 
continued only sufficiently long to give points on the distribution 
curve down to about 2 microns for the hydrated limes and about | 
micron for quicklime putties. 

In order to calculate any of the constants, such as mean diamete! 
or surface area, which are used to describe a distribution, it was 
necessary to make some assumption regarding the distribution of tli 
material below 2 microns in size. Hatch and Choate * have show 
that the particle-size distribution of certain materials is such that i 
on logarithmic-probability paper the particle diameters are plotted 
on the logarithmic scale and the cumulative percentages of the total 
number of particles on the probability scale, the points fall on a straiglit 
line.* It can be shown that if a distribution is of this nature, the per- 
centage by weight coarser than each size can be plotted instead of the 
number of particles, and these points will likewise fall on a straight 
line. The cumulative weight distribution of each of the 25 hydrated 
limes of this investigation was plotted on logarithmic- probability 
paper and in each case the points fell very close to a straight line (see 
fig. 1). It was therefore assumed in obtaining the geometric mea 


Ne 


2D. L. Bishop, BS J. Research 12, 175 (1934) RP642. ’ 

3'T. Hatch and S. P. Choate, Statistical description of particle size of nonuniform substance, J. Frank. 1! 
207, 369 (1929). 

‘ A straight line on such paper represents a distribution following the law 


_ In? 2/9 


1 5) 
yd (in z)= e In?d gq In 2) 
\-n Inv 


that is, the logarithm ofz is distributed normally. 
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ters, the geometric standard deviation,® and the specific surfaces 
. for each lime the diameter distribution of the particles smaller 
) mierons was represented by an extrapolation of the straight 
‘fitted to the observed points for particles greater than 2 microns. 
and Choate have shown how for such a straight-line distribution 
ceometric mean and the standard geometric deviation can be 

















5 1/0 20 30 40 5060 70 80 90 95 99 
Cumulative percentage Ly weight 


Particle-size distribution of four hydrated limes, showing straight line 


characteristics. 


obtained graphically and have pointed out that these two constants 
completely deseribe the distribution. For such a distribution the 
ceometric weight-mean diameter, g, is that diameter which is exceeded 
by particles representing half the total weight of material. On a chart 
such as figure 1 this mean diameter can be read from the ordinate, and 
corresponds to the position at which a straight line through the plotted 
pots crosses the vertical line representing a cumulative percentage of 
i). (The straight lines were fitted by inspection.) The standard 
ceometric deviation, A, is a measure of the range of the particle sizes 
ud for such a distribution is the ratio of the diameter of the 50-per- 
ent size to the diameter of the 16-percent size. 


, P F — r wa log d ; 

eometric-weight mean diameter, @, is by definition: antilog - =. ——,where wa is the weight of 
~ ad 

/Xwa (log d—log g)? 


fdiameterd. The geometric standard deviation, \, is by definition: antilog Vv a 
«Ud 
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It can be shown that for such a straight-line distribution + 
specific surface is given by the formula 


r 10B@X 
8 6: 
pd 


where p is the density of the material. ([t is assumed that 
particles are spherical.) ‘Therefore, the surface per gram cay }, 
computed directly from the values of g and X, which have be, 
obtained by simple graphical methods. It is of note that for suc) 
distribution any other mean diameter, such as arithmetic-weiy) 
mean diameter, and surface mean diameter can be quickly calculat; 
from the value of g and X. All the distribution constants give ; 
table 1 were obtained by the above method. 

The fact that the limes followed very closely the same empiri 
law of distribution in the entire region in which observations wer, 
made is strong evidence that the values reported as geometric me; 
geometric standard deviation, and surface per gram are close to { 
correct values. However, the surface per gram depends to sucl 
large extent upon the distribution of the particle diameters bel 
2 microns that this value is reported only to the nearest 1,000 em 
One should bear in mind that 50 percent by weight of the page les 
in each lime are of diameters smaller than the values reported as t 
geometric mean. Since the particle-size distribution was determin: 
for more than 50 percent of the weight of every lime, no extrapolati 
was involved in obtaining the 50-percent size. It is only in identify- 
ing the 50-percent size as the geometric mean that extrapolation 
involved. 

Attention is called to the fact that limes of equal specific surfac 
sometimes had widely different particle-diameter distributions. This 


is shown in table 1 by numbers 2 and 18, and 14 and 25. 


IV. PARTICLE SIZE AND EMLEY PLASTICITY VALUES 
OF HYDRATES 


Inspection of table 1 reveals that there is no relation between thi 
particle-size constants and Emley plasticity values. Some of the 
nonplastic limes (limes having Emley plasticity values less thai 
200) are comparatively coarse and others are fine. Many . - 
plastic hydrates are coarse; but it is not likely that this is the det 
mining factor, for the most plastic hydrate is likewise the at 0 
all. The distribution curves for two plastic and two nonplastic ime 
whose particle-size distributions are very similar are shown in figure 2 
Not only are all four of these limes very similar but they may b 
considered as pairs made of a plastic and a nonplastic lime having 
almost identical distribution characteristics. Figure 3 shows th 
geometric weight-mean diameters, surface per gram, and Emley 
plasticity values of the hydrated limes. It is apparent from this 
graph that there is no correlation between Emley plasticity values 
and the geometric means or between such plasticity and specifi 
surface. Even though table 1 and figures 2 and 3 do not indicate 
a relation between partic ‘se and Emley plasticity values, the fac 
that distributions below 2 microns were not actually measured leaves 
the possibility that the distribution of the material finer than 2 
microns may be the determining factor in plasticity of limes. 
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Particle-size distributions of four hydrated limes having widely 
varying Emley plasticity values but similar distribution. 
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Emley plasticity values of hydrated limes plotted against their geometric 
mean diameters and surfaces. 
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TABLE 1.—Emley plasticity values and particle-size data for hydrat 


> Geo- 7 ~ } Geo 
Emley Geo- Emley 
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Other experiments were performed in an effort to find a relat; 
cs tween particle size and Emley plasticity values. An attempt was 

nade to study the plasticity of various sized fractions of limes sepa. 
we in an air elutriator.”. There was some increase in_plasticit 
with decrease in particle size, provided the lime was originally plasti 
for separations that could be effected by blowing only a short tiny 
in the elutriator. Finer separations, requiring longer time in th 
elutriator, lost plasticity with increasing time of blowing, either 
through a slight amount of carbonation or possibly through the loss 
of an essential fraction of the lime during the elutriation. Such a loss 
could possibly occur through thermal precipitation in the cooling 
coils of the elutriator. Separations of nonplastic limes showed 1 
change in Emley plasticity values for the various sized fractions. 

A more successful method of making separations of the limes was 
the fractional sedimentation in ethanol. It was found that. plasti 
hydrates could be treated with ethanol without affecting their plas- 
ticity. These plastic limes could be washed successively in water, 
ethanol, butanol, and kerosene, with the result that the limes would 
be plastic in each liquid. Plasticity measurements on fractions 
separated in ethanol indicated that for plastic limes the finer fractions 
of the sample were more plastic than the coarser ones. For nonplast! 
limes, however, there was no measurable difference in plasticity values 
for the various fractions. 


V. PARTICLE SIZE AND EMLEY PLASTICITY VALUES OF 
QUICKLIME PUTTIES 


Particle-size determinations were also made on putties which were 
obtained by hydrating quicklimes with an excess of water, so as to 
obtain a wet putty without forming an intermediate dry hydrate. 
Samples for particle-size determinations were prepared by removing 
the excess water from the putties with ethanol, and the ethanol in 
turn with butanol, after which they were dispe srsed i in butanol. Con- 
siderable difficulty was encountered in measuring the particle size 
of these putties with the sedimentation apparatus because of thei 


6 J. A. Swenson, Lacey A.Wagner, George L. Pigman, Effect of granulometric composition of ceme 
properties of pastes, mortars, and concrete, J. Research NBS 14, 419 (1935) RP777. 
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extrel . fineness. Their sedimentation rates were so slow that even 
all depths it was unpossible to get complete sedimentation in a 
eee le time. The data for these quicklimes are, therefore, 
presented only as a graph (fig. 4) because of the uncertainty in cal- 
elt r —_- constants where such a large percentage of the 
int finer than 1 micron woul 1 have to be calculated from extra- 
cehaeal Even Foe the quicklime putties were very fine, they 
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Figure 4.—Particle-size distribution of quicklime putties 


showed wide variations in particle size. Some contained considerable 
quantities of comparatively coarse yey les, but all of them had a 
large percentage of material finer than 1 micron. Quicklimes, when 
hydrated with an excess of water, yield baboon which are very much 
liner than commercial dry hydrates. 

The quicklime putties had Emley plasticity values such that some 
vould be classed as nonplastic and some as very plastic limes. Here 

un the data (fig. 4) for the quicklimes indicate that there is no 
cle fin ite relation between Emley plasticity values and particle size, 

least down to 1 micron. 


162919—39———-7 
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VI. SUMMARY 


Measurements of the distribution of particle size down to 1 0) 
microns and of Emley plasticity values were made on commer 
hydrated limes and on quicklime putties. There was no correlatj 
between Emley plasticity values and the particle-size distributio, 
at least for the material coarser than 2 microns. Hydrated limes y 
have very similar particle-size distributions down to 2 microns y 
yet differ widely in their plasticity values. Quicklime putties py. 
pared by hydrating quicklimes with an excess of water were yen 
much finer than commercial hydrated limes. These likewise show, 
no correlation between such plasticity values and particle-size (dj. 
tributions down to 1 micron. Particle-size measurements of thes 
limes indicated that limes may differ widely in particle-size distri} 
tion and yet have the same specific surface. It is possible that | 
size distribution of the material finer than 2 microns may be | 
determining factor in the plasticity of limes. 


The writer is indebted to G. R. Gause for assistance in the mathe. 
matical treatment. 


WASHINGTON, June 20, 1939. 
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QUANTITATIVE FORMATION OF FURFURAL AND 
METHYLFURFURAL FROM PENTOSES AND 
METHYLPENTOSES 
By Elizabeth E. Hughes and S. F. Acree 


ABST RACT 


, procedure, previously reported, which gave quantitative production of 
‘ural from xylose, was applied to arabinose and rhamnose. It consisted in 
ipid steam distillation of the pentose in 12-pereent hydrochloric acid saturated 
th sodium ehloride. Although the conversion of arabinose and rhamnose is 
ver than that of xylose, theoretical yields of furfural and methylfurfural, 
respectively, were obtained. 
rhe effects of several salts in the distilling medium were also studied. The 
ites of production of furfural from xylose or arabinose in the presence of these 
and of methylfurfural from rhamnose in the presence of sodium chloride 
btained. Salts which caused the distillation temperature to go above 
nereased the initial rate of formation of furfural but lowered the yields 
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I. INTRODUCTION 


Ina previous paper [1] '1it was shown that conversion of xylose into 
juantitative yields of furfural may be accomplished by employing as 
the distilling medium a 12-percent solution of hydrochloric acid sat- 
ated with sodium chloride and by removing the aldehyde quickly 
‘rom the solution with a rapid stream of steam. Since it was believed 
that this procedure might prove to yield quantitative amounts of 
furfural and me thylfurfurs al when applied to other pentoses and 
iethylpentoses, the study was extended to include arabinose and 
rmamnose. 

The three pentoses derived from the pentosans xylan, araban, and 
Hhamnosan are the sugars most commonly encountered in fibers and 

tural products. The pentoses are not determined as such, but are 
diated from the amounts of furfural and methylfurfural obtained 
rhen the fibers are distilled with hydrochloric acid. As theoretical 


Ficures in brackets indicate the literature references at the end of this paper 
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yields of the aldehydes have not been obtained in the usual methoq 
of distilling pentoses, empirical values have been adopted for 4), 
calculation of the pentosan content when these procedures are ys, 

The variations in yield of furfural obtained from xylose, dependi 
upon the type of distillation employed (from 88 percent by the stand. 
ard distillation procedure to 100 percent by our procedure), wei 
discussed fully in the previous paper [1]. The conversion of arabinos 
is slower than that of xylose, with about 74 percent of the theoretijes 
yield of furfural in the ‘stand: ird procedure. As stated in the earlier 
paper [1], the yields of furfural from xylose and arabinose and me thy 
furfural from rhamnose reported by Jolles [2] and Pervier and Gortn, 
(3], which were practically theoretical, have not been duplicated by 
other workers, perhaps because of inaccuracies found later in ¢) 
methods used for determining the aldehydes. Kullgren and Trden 
[4], who saturated the hydrochloric acid with sodium chloride to give 
constant conditions for distillation, secured about the same vields gs 
other workers obtain with the standard method. 

[t was the purpose of this investigation to obtain, if possible, theo- 
retical yields of furfural and methylfurfural from the three pentoses 
and to adapt the procedure to the practical determination of pentosans 
In an attempt to shorten the distillation period, the effects of some 
salts and of other reagents in the distilling medium were studied with 
xylose and arabinose. Xylose, the most easily converted sugar, \ 
used chiefly for the experimentation. During this study the rates of 
production of furfural and methylfurfural from the three pentoses 
mentioned above were also obtained. 


II. EXPERIMENTAL PROCEDURE 


The distillation procedure was fully described in the paper on the 
quantitative formation of furfural from xylose [1]. It consisted 
essentially in distilling the pentose in a solution of 12-percent hydro- 
chlorice acid to which sodium chloride had been added and in using 
rapid stream of steam to remove the aldehyde as soon as possible. A 
means of collecting the distillate without loss of furfural by volatiliza- 
tion was provided. This comprised an especially constructed 
paratus having ground-glass joints, a diagram of which also was given 
in the earlier paper. By the use of an electrically controlled heat 
the distillation proceeded at 110° C at a rate of 200 ml of distillat 
everv 30 minutes. More acid was added to the distillation flask 
through a separatory funnel as needed. The acidity of the distillat 
was adjusted to about 1 N, and the furfural and methvylfurfural 
determinations were made by the bromine method at 0° ¢ 


III. EXPERIMENTAL RESULTS AND DISCUSSION 
1. STEAM DISTILLATION OF ARABINOSE 


Samples of l-arabinose varying in amount from 0.05 to 0.2 g were 
treated by the procedure given above. The results of the distilla- 
tions are given in table 1. The rate of production of furfur: “¥ Is 
shown in figure 1. It is apparent that practically theoretical yields 
may be obt nined by this procedure if the distillation is continued until 
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‘he reaction is completed. The amounts of furfural in the last 
etions of distillate are very small, but the bromine method is 
dliciently sensitive for their determination. The amounts in the 


| 
-overal fractions are added, and the values in the last column of table 1 
chow the total percentages of the theoretical amounts of furfural 


obtained. 


TABLE 1 Yields of f 


ae Yields of 
f arabinose distillate col- bromine furfural weight of BORIS OF 


lected consumed found furfural | furfural 


} 


Volume of Amount of Weight of Theoretical 


Liters | M-eq | g g Percent 
2.2 | 0. 679 0. 0326 0. 0328 99.4 
910 | . 0437 0436 100, 2 
1. 359 | 0653 O60 100.5 
1. 309 . 0672 0671 100. 1 
2.104 111 1O12 o0 9 
2 Ga 1260 1209 O70 


2. STEAM DISTILLATION OF RHAMNOSE 


The amounts of /-rhamnose (hydrate) used were 0.05 to 0.2 ¢. In 
the procedure used for the conversion of xylose and arabinose, the 
heat was applied to the flask containing the distilling solution and the 


é 4 t 
PERIOD OF STEAM DISTILLATION IN HOURS 


Rate of formation of alde hydes from pentoses by steam distillation in 
12-percent hydrochloric acid saturated with sodium chloride. 


steam was notintroduced until the temperature of the solution reached 
about 100° C. For rhamnose it was found necessary to modify this 
procedure slightly, as the first experiments gave yields 3 to 5 percent 
iow, and the first fraction of distillate was very light pink, instead of 
veng colorless. Since it seemed probable that some of the methyl- 
lurfural formed during the first period of heating had polymerized 
before being removed, the steam was introduced as soon as heat was 
applied to the solution. A colorless distillate was then obtained, and 
the sum of the fractions gave practically theoretical yields. The rate 
of production of methylfulfural by this method is shown with the 
ther curves in figure 1, and the total yields of methylfurfural are 
riven in table 2. 
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a ABLE 2. Vie lds of meth ylfurfural from rhamnose (hydrate ) 


Theoretical 

weight of 

methylfur- 
fural 


Volume of Amount of Weight of 
Weight of rhamnose (hydrate distillate bromine methylfur- 
collected consumed fural found 


y 
i 


Liters g g 

0. 0308 0. 0302 
. 0437 . 0443 
0500 . 0502 
. 0601 . 0592 
. 0674 . 0666 
. 1202 . 1221 


0.0500 
0.0733 
0.0831 
0.0980 
0.1102 
0.2020 


NwNonwonws. 


wWhowit~— 


3. EFFECTS OF SALTS AND OF OTHER REAGENTS UPON THE RATE 
OF FORMATION OF FURFURAL WHEN XYLOSE OR ARABINOSE 
IS STEAM-DISTILLED FROM 12 PERCENT HYDROCHLORIC ACcIp 


Steam distillation of pentoses from 12 percent hydrochloric aci 
takes place at temperatures varying from 103° to 108° C. The adi; 
tion of sufficient sodium chloride to saturate the acid solution inerea: 


[ 
| 





VH 


FIGURE 2.—Effect of some salts upon the rate of formation of furfural when xylose 
arabinose is steam-distilled in 12 percent hydrochloric acid. 


this temperature to 110° C. It was thought possible that salts which 
would give still higher temperatures would accelerate the formation 
of the furfural, which might be carried off by the steam before decom- 
position could take place. This would be especially desirable for the 
conversion of arabinose, which is much slower than that of xylose 
For this purpose potassium, calcium, lithium, and ammonium chilo- 
rides were used. When it was found that no increases in yields were 
obtained in the first 2 liters of distillate, the distillations were not 
carried to completion. 

The curves in figure 2 indicate that steam distillations from 12- 
percent solutions of hydrochloric acid containing sodium, potassium, 
or calcium chloride all give practically theoretical yields of furfural 
from xylose. Distillation takes place at 110° to 112° C, and the 
differences in the rates of formation of furfural are not significant. Th 
use of lithium chloride with a higher temperature of distillation results 
in an increase in the initial rate of formation of furfural, but low 
yields are obtained. The first fraction of distillate is much more acid 
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and this with the higher temperature favors polymerization, which 
probably accounts for the low yields of furfural. The addition of 
ymmonium chloride causes the distillation to take place at 115° to 
116° C, with the same resulting low yields. It has the added dis- 
advantage that during steam distillation some material which reacts 
with bromine is obtained in the distillate. Steam distillations using 
25 and 50 g of ammonium chloride in 12-percent hydrochloric acid pro- 
juced material in 1 liter of distillate which consumed bromine cor- 
responding to 0.4 ml and 0.8 ml of 0.1 N thiosulfate solution, respec- 
tively. A correction for this bromine consumption is necessary or 
false high values will be obtained. Stannous and zine chlorides are 
distinctly disadvantageous, with yields of about 52 percent. A 
milar result was found by Kline and Acree [6] for stannous chloride. 


Taste 3.—Effect of salts and other reagents upon the yields of furfural from xylose 
and arahinose 


Furfural obtained from 0.1 g of 

| Approximate pentose 

| temperature : 

| of distilling | 
solutions 


Reagents added to 100 ml of 12-percent HC] 


From 


‘Tr xylose | 
From ylose | arabinose 


A. STANDARD DISTILLATION. RATE OF 180 mJ/hr 


| 


Percent Percent 


110 | 
112 . 72.5 
115 i 58.7 


. FAST STEAM DISTILLATION. RATE OF 400 ml/hr 


Yield in 
| Yield in 2 liters total dis- 
till 


le 


| Percent Percent Percent 
108 to 110 | 100.0 S6. ( 100.0 
108 to 110 99. 7 aRO. F 
111 to 112 98. 9 
111 to 112 99. 
115 to 120 94. 7 
115 to 126 
108 to 109 
115 to 116 | 87.2 (corr 
115 to 116 ». 2 (corr.) 
108 to 109 
108 to 109 
| 103 to 108 ; 
of silica gel and 30 g of KCI 109 to 110 5 80. 5 100. 1 
gof NaC] and 0.02 g of iodine 110 @87.( (corr.) 
“gof NaCl and 0.07 g of piperidine 110 270. 5 (corr.) 
"gof NaCl in 24-percent HC] 110 80. { 


*D stillations were not carried to completion as indicated by the presence of furfural in the last fraction of 

Although some of the salts appear better than others in the initial 
rate of conversion of xylose, the experiments show that the rate of 
conversion of arabinose is only slightly influenced by the different 
silts. The addition of very small amounts of iodine and piperidine, 
for which corrections also had to be made for bromine consumption 
by products in the distillate other than furfural, did not accelerate the 
tate of formation of furfural. The addition of silica gel instead of a 
‘oluble salt to give the effect of increased surface upon the rate of 
reaction without an increase in temperature offered no advantage. 
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When silica gel was used in conjunction with potassium chloride. | 
was no increase in rate of formation of furfural and practical); 
same yields were obtained as those found with potassium chlor); 
alone. 

As most of the determinations of the rate of production of furfy 
and methylfurfural required 10 or more steps in the titr: ations it is 
not surprising that the final percentages show an error of 1 or 2 p: ree 
Even though extreme caution was used to maintain a te mperatu 
exactly 0° C for the titrations and a period of reaction with “ee : 
of exactly 5 minutes, the uncertainty was greater in the determi 
tions of methylfurfural than in the determinations of furfural. 

The experiments show that the conversion of the smaller amon 
of pentose is completed sooner than that of the larger qua ntities 
For this reason, in applying this procedure, it is hammeen red desirab| 
to use amounts of pentose not in excess of 0.1 ¢ 
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ABSTRACT 


roelectrophoretic technique was used to determine the characteristic 
iobility curves for fibroin and for sericin and to ascertain the extent of re- 
| of f the latter during degumming by the soap and enzyme processes. The 
vest that sericin contains a much greater proportion of reactive groups 
roin and indicate the importance of obtaining either uniform or complete 
| of sericin during degumming processes. 
isoelectric points are shown to vary slightly with ionic strength. In acetate 
f 0.02 M ionie strength, the isoelectric point of fibroin is 3.6 and that of 
Nn, £0. 
ions of complex structure, such as phthalate or picrate, appear to have 
effects which are readily detectable by the electrophoretic technique. 
ved fibroin adsorbed on glass particles and fibroin regenerated from 
ol lutions had the same isoelectric points but different pH-mobility curves. 
egenerated after dissolving in solutions of lithium bromide gave the same 
ility curve as untreated fibroin. 


1 
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I. INTRODUCTION 


One of the principal difficulties involved in defining many of the 
characteristics of silk results from the fact that the naturally occurring 
liber consists of at least two proteins, namely, silk fibrom and silk 
sericin, which have very different properties. Since the latter is 
generally removed from the fiber by empirical methods, the available 
data on many of the properties of the fibroin may be of questionable 
validity, especially since ordinary chemical methods are inadequate 
for determining the extent of removal of the sericin. 

Sericin is a soluble protein which appears to form a coating on the 
surface of the fibroin. It has been shown by Abramson and others 
that a number of surfaces, when coated with any one of several pro- 
teins, assume electrophoretic properties similar to those of the ad- 


ear h Asso ciates at the National Bureau of Standards, representing the Textile Foundation. 
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sorbed materials; and it was felt, therefore, that an electrophoresi 
technique could be employed to advantage in studies of silk.  Syo) 
an approach cannot only be used for studying the removal of serie; 
from fibroin but also has the additional advant age of contributiy 
information relative to the amphoteric properties of the constituent 
of the naturally occurring fiber. 

Electrophoretic tec hniques have been frequently used to investiggy, 
the properties of protein surfaces. Excellent discussions and reyjey; 
on the general subject have been presented by Abramson [1, 2]? q 
by Moyer [3]. 

One characteristic constant of a protein which is determined by its 
electrokinetic behavior is the isoelectric point. As defined by Abray. 
son [1], the isoelectric state of a surface of a particle is that electric) 
state in which the sum of the positive and negative charges at th 
surface over a time average is equal to zero. The isoelectric poit 
then is defined as the reference concentration of hydrogen ion or sony 
other ion (Th*t***, for example) at which this condition is found. |; 
other words, although it has become customary to define the isoelect; 
point in terms of the pH scale, it must be defined in terms whicl 
include a complete description of the medium in which no migratic) 
takes place. In the electrophoretic tec hnique, the isoelectric point is 
therefore, the point at which the electric mobility is zero. 

It has been assumed by some investigators that the isoelectri 
state of a substance depends only on the state of its dissociable aci 
and basic groups (its combination with hydrogen or hydroxy] ions 
Actually, however, it depends not only on the combination wit! 
hydrogen or hydroxy] ions but also with other anions or cations whic! 
may be in the solution.? The point at which dissociable groups of th 
substance combine equally and only with hydrogen and hydroxy] ions 
is defined as the isovonic point [4]. It should ‘be noted that this is 
identical with the isoelectric point only when the substance does not 
combine with ions other than hydrogen or hydroxyl. It follows the: 
that while it may be possible to determine the isoelectric point by 
several methods (for example, by titration, provided the substane 
binds only H* or OH7), electrophoresis i is the only method by which 
the isoelectric point is determined in every case. 

The most satisfactory results with electrophoretic techniques hav: 
been obtained with soluble proteins in solution or adsorbed on inert 
surfaces such as quartz, glass, or paraffin oil. In many cases it has 
been found that a protein adsorbed on such a surface has electrokinet 
properties which are very similar to those obtained for the sam 
protein when studied in the dissolved state or in the form of relativel 
insoluble particles. It has also been noted by Abramson that thi 
titration and mobility curves are congruent for a number of solubl 
proteins, and by making certain assumptions, he has predicted tli 
following: In solutions of the same ionic strength, the electric mobility 
of the same protein at different hydrogen-ion activities should bi 
directly proportional to the number of hydrogen or hydroxy! ions 
bound by each molecule. In the case of some of the soluble proteins 
the isoelectric and isoionic points have been found to be approximate): 
the same. 


a F igures in brackets indicate the literature references at the end of this paper 
‘It should be noted that a surface may conceivably adsorb hydrogen or hydroxy] ions other t! 
bound by the acidic and basic groups. 
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Considerably more difficulty, however, is encountered in interpret- 
ing the results of investigations dealing with insoluble materials, 
especially those which are more or less crystalline in nature [5]. For 
example, in some materials of this type, the isoelectric and isoionic 
noints have been found to be far apart. As a result, no attempt is 
made at this time to relate the data obtained to the specific acidic and 
basic properties of silk. However, it was found that the electrophoretic 
technique provided an excellent tool for distinguishing protein sur- 
faces, and it was in this connection that it was used in the present 
investigation. 


II. DESCRIPTION OF APPARATUS, METHODS, AND 
MATERIALS 


{n Abramson horizontal microelectrophoresis cell was employed 
in this investigation. The apparatus and methods were essentially 
the same as those described by Moyer [6]. The apparatus was checked 
from time to time by measuring the mobility of human erythrocytes 
in 1/15 phosphate buffer at pH 7.4 [7]. A 28 xocular and 40 water- 
immersion objective were used for measurements involving soluble 
proteins adsorbed on glass particles. Particles of ground silk were 
observed with a 20 ocular and 20 objective. 

In most cases, the mobilities were measured by observing the 
velocity during migration of the particles at the 0.21 and 0.79 depth 
levels of the cell, where the effect of the electroosmotic flow of the 
liquid is eliminated [6]. When the mobilities were very low, the ve- 
locities of the particles were measured in successive layers from the 
top to the bottom of the cell, and the mobility was evaluated by 
graphical integration of the curve obtained by plotting velocity against 
depth [1]. 

The majority of measurements were made on samples of raw and 
degummed silk which were reduced to a suitable particle size by 
cutting in a small, laboratory Wiley mill until the particles passed 
through a 60-mesh screen. A suspension of the particles in water was 
made and allowed to settle. The supernatant liquid was removed 
and found to contain particles approximately 1 to 5 microns in 
diameter. 

The mobilities of dissolved silk or sericin were measured by adsorp- 
tion of the protein on particles of Pyrex glass of 0.1 to 2 microns in 
diameter. The particles were thoroughly cleaned by washing with 
cleaning solution, water, concentrated hydrochloric acid, water, 
0.001 NV ammonium hydroxide, and then finally soaked for 3 days in 
distilled water, during which time the water was changed daily. 

The mobilities of soluble materials were always measured in solu- 
tions containing a concentration of protein sufficient to insure com- 
plete coating of the glass particles. The required concentration was 
determined by measuring the mobility as a function of concentration 
of protein at constant pH and determining the point beyond which 
further increase in protein concentration caused no further change in 
the mobility of the glass particles. 

All mobility measurements were made in a room at approximately 
25°C. All values were corrected to 25° C by applying a factor of 2 
percent per degree [6]. 
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The pH values of the suspensions were measured with a Mac]p; 
and Belcher type glass electrode and an electron ray meter. The yj 
values were referred to potassium acid phthalate (0.05 A/) wh; : 
was assigned a pH value of 4.01 [8]. 7 

The silk used was the product of the silkworm Bombyz mori. 


III. EXPERIMENTAL 
1. ELECTROPHORETIC PROPERTIES OF RAW SILK 


Curve 1 in figure 1 shows the mobilities as a function of pH {o; 
three different sample 's of raw silk. The mobilities were measure 
after overnight immersion of the particles in hydrochloric acid 
pot: assium chloride (pH range of 1.7 to 3.0) or acetic acid—sodium 
tate (pH range of 3.0 to 6.5)  ailoiione of ionic strength 0.02. Si) 
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FiGURE 1.—A comparison of the pH-mobility curves for raw and degummed 


Curve 1 represents the mobilities for three different samples of raw silk, @, @, O, and for sericin adsorb 
on glass p article s,©. Curve 2 is that for silk degummed for 2 hours with s¢ soap. Curve 3 represents t 
results for 1, 2, and 3 cycles of degum ming treatment as listed in the text. 


ma 


sericin is relatively soluble, it was expected that some of the 
terial would dissolve in this time and then completely coat the par- 
ticles of cut-up sik. That curve 1 actually represents the mo bility 
of sericin adsorbed on silk was demonstrated by the following exp: 
ments. 

A sample of sericin was obtained by boiling 10 g of natural silk in 
two 150 ml portions of water for 15 minutes each. One drop of : 
suspension of Pyrex particles was then added to each of a series 0! 
solutions of the same pH but containing varying amounts of sericin 
The mobilities of the glass particles were measured after allowing 14 
minutes for adsorption. The two curves, shown in figure 2, were 
obtained by plotting mobility as a function of sericin concentration 
and indicate that complete coating of the glass particles by sericin 
occurs in solutions containing as little as 0.0001 percent of serici 
The mobility of sericin adsorbed on glass was then measured as i 
function of pH. The solutions used contained approximately 0.00! 
percent of the protein. The results as shown by the open circles 11 
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curve 1, figure 1, indicate that the pH-mobility curve for the ad- 
-orbed sericin is identical with that obtained for the sericin on the 
ilk fibers. The data also indicate that the sericin is isoelectric at 


pH 4.0. 
ELECTROPHORETIC PROPERTIES OF DEGUMMED SILK 
(a) SOAP DEGUMMING 


Fifty grams of natural silk was boiled successively in four 2-liter 
portions of a 1-percent solution of soap for a total time of 2 hours, 
then extracted with cold alcohol and ether, and finally washed twice 
with water at 50°C. Curve 2 (fig. 1) is the pH-mobility curve for the 
mmed sample. After the above degumming treatment, some of 
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Mobility as a function of concentration of sericin at pH 3.0 and pH 5.8 
in 0.02 M ionic strength buffers. 


the fibers were shaken with a hydrochloric acid—potassium chloride 
solution (ionic strength 0.02) of pH 1.77 containing some glass par- 
ticles. It was found that an amount of sericin sufficient to alter the 
mobility of the glass particles was still present. 

In an attempt to remove all of the sericin from the fibers, 10-g 
samples of the silk were subjected to successive cycles of the following 
treatments: a boil-off in 2-liter portions of a 1-percent solution of 
soap for three successive 4-hour periods, a 5-minute boil in 2 liters 
of water, a 5-minute rinse in 2 liters of 0.1 N ammonium hydroxide, 
a 5-minute rinse in 2 liters of 0.1 N hydrochloric acid, a l-day wt ash 
in running distilled water, a 4-hour extraction with cold alcohol, and 
finally three successive rinses in distilled water at 50° C. 

Curve 3, figure 1, shows results for samples subjected to one, two, 
and three cycles of the above series of treatments. No measurable 
change was produced after the first treatment, which appears to indi- 
cate that the samples were completely degummed. Curve 3 therefore 
represents the pH-mobility curve for fibroin and indicates that the 
material is isoelectric at pH 3.6 in 0.02-ionic-strength acetate buffers. 


(b) ENZYME DEGUMMING 


A 10-g sample of silk was treated with 1 liter of a solution con- 


taining 20 ml of Serizyme at 50° C for a total of about 500 hours. 
The enzyme solution was changed three times during the first 100 





304 Journal of Research of the National Bureau of Standards 


hours of treatment. Removal of sericin, as measured by logs ; 
weight and nitrogen determinations, was rapid during the first : 
hours of treatment. The fibers continued to lose weight during ¢}, 
first 400 hours but appeared to reach a constant value after that tin, 

Figure 3 shows the results of pH-mobility measurements on 4), 
sample in hydrochloric acid—potassium chloride and acetic ge; 
sodium acetate solutions (ionic strength 0.005).‘ 

Similar measurements, made at the same ionic strength on a sam 
of which had been completely degummed by the soap boil-off metho, 
are included in th, 
figure. The data ob. 
O-DEGUMMED WITH SOAP tained on the ty 
@-DEGUMMED WITH ENZYME samples are in good 


agreement and indi. 
cate the complete r 
moval of the serici 
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Figure 3.—A comparison of pH-mobility curves for buffers of 0.005. 0.02 


silk deqummed by soap and enzyme treatments. a lee 
g 5 i j and 0.05 10ni¢e strengt!) 


The maximum shift in isoelectric point in these solutions is approxi- 
mately 0.4 pH unit. 

Figure 5 represents similar curves at 0.005 and 0.02 ionic strength 
for dissolved fibroin coated on glass particles. The material was 
prepared as follows: 0.5 g of degummed fibroin was heated in 5 ml 
of a 50-percent solution of lithium bromide (sp gr 1.53) on the steam 
bath for 5 minutes. The solution was dialyzed (specific resistance 
approximately 30,000 ohms), coated on glass particles, and the mobili- 
ties were measured. The curves show that the same relation between 
mobility and ionic strength holds for the dissolved fibroin as for the 
solid material. 

4. SPECIFIC ION EFFECTS 

The isoelectric points (3.5 to 3.9) obtained in the present investiga- 
tion are higher than that (2.5) previously reported by Harris [| 
The differences appear to be too large to be accounted for by the 
differences in ionic strengths used in the two investigations. How- 
ever, it was noted that hydrochloric acid—potassium acid phthalate 
buffers were used in the earlier investigations, which suggested that 
the differences might result from specific ion effects. 

The effect of different ions in shifting the point of maximum floc- 
culation and other protein characteristics has long been recognized 
[10, 11]. This is especially true for polyvalent ions [12]. Figure 6 
shows the results of pH-mobility measurements in 6 different types 
of solutions on fibroin degummed by the soap boil-off method. All 
of the buffers except the phthalate were of ionic strength 0.02. The 
phthalate solutions varied in ionic strength from 0.05 to 0.10. 


‘ The ionic strength was decreased from 0.02 used previously to 0.005 in order to facilitate measurement 
by increasing the mobilities. 
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Curve 2 represents the data obtained in the hydrochloric acid 
potassium chloride, acetic acid-sodium acetate, and sulfurie acid- 
notassium Sulfate solutions. In these systems the samples were 
oelectric at about pH 3.6, although there may have been slight 
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Effect of variation of ionic strength on the pH-mobility curve of degummed 


4 — - - 4 
3,0 3.5 
pH 
Effect of variation of vonie strengih on the pH-mobility curve of dissolved 
fibroin adsorbed on glass particles. 


livergences between the different valence types. The phthalate 
buffers (curve 3) caused a shift in the isoelectric point of approximately 
| pH unit to pH 2.6, in agreement with the data of Harris.’ Oxalic 
veld causes a smaller shift in the opposite direction (curve 1). In 
he picrate solutions (curve 4) the sample was so electronegative that 
it no longer exhibited an isoelectric point in the pH range used. 


(he results for phthalate solutions (Clark’ s buffe rs) are not directly comparable with those for the other 
fer types because of the difference in ionic strengths. However, the data given above for fibroin in solu 
ns of diff erent ionic strengths indicate that ‘onls a minor portion of the shift is caused by this factor 
his is confirmed by the fact that a fivefold decrease in the ionic strengths of Clark’s buffers causes an in- 
rease of only about 0.3 pH unit in the isoelectric point of wool [16]. 
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5. EFFECT OF STATE OF AGGREGATION 


Silk is —, dissolved by concentrated solutions of certain neutr; 
salts [13, 14, 15]. With some salts, such as lithium bromide, solution 
is accomplished at room temperature. 

A sample of degummed silk was dissolved by shaking with a 59. 
percent solution of lithium bromide at room tempers ature for several 
hours and the solution dialyzed against running distilled Water, 
After about 2 days a precipitate was “formed. Microscopic examina. 


pH 
FIGURE 6.—Lfect of different ions on the electrophoretic mobility of degummed silk 
Curve 1, oxalic acid-potassium hydroxide solutions. ~ urve 2, solutions of hydrochloric acid-| 


hydroxide, @; sulfuric acid- potassium hydroxide, and acetic acid-sodium hydroxide, @ 
Clark’s phthi ilate buffers. Curve 4, picric acid- ~ os sium hydroxide solutions. 


( 


tion of the material showed it to be made up of well-defined fibers 
which were strongly birefringent. 

When the fibroin was dissolved by heating in a lithium bromide 
solution on a steam bath, spontaneous formation of a fibrous material 
did not occur during subsequent dialysis. On addition of ether, a 
precipitate which appeared to be somewhat fibrous and of low-order 
birefringence was obtained. 

The pH- mobility curves in solutions of 0.005 M ionic strength for 
both samples of regenerated fibroin as well as for the dissolved mate- 
rials coated on glass particles are given in figure 7. 


IV. DISCUSSION 


A comparison of the curve for sericin (curve 1, fig. 1) with that for 
fibroin (curve 3, fig. 1) shows that the mobility of the former is much 
greater, which strongly suggests that sericin contains a much greater 
proportion of the reactive carboxy! and basic amino groups. ‘This has 
recently been confirmed by chemical analyses [16]. The practical 
significance is at once obvious. Many of the problems related to silk 
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rris 


and silk processing are in part, at least, concerned with the surface 
characteristics of the fiber. For example, the presence of a small 
amount of sericin may have a profound influence on the dyeing prop- 
erties, and uneven distribution of the residual sericin would probably 
result in uneven dyeing of the fibers. It is not within the scope of 
ihe present investigation, however, to do more than point out some 
of the implications of these electrophoretic studies. ‘The relationship 
of the difference in chemical properties between fibroin and sericin 
to the more practical 
aspects of silk chemistry 
is being studied sepa- 
rately [16]. 

The specificion effects 
noted in figure 4 indi- 
cate that considerable 
care must be exercised in 
choosing buffer systems 
for protein investiga- 
tions. These data also 
emphasize the necessity 
of including in the 
definition of the isoelec- 
trie point a description 
of the medium in which 
no migration § takes 
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oi Figure 7.—Efject of state of aggregation on the 
pice. electrophoretic mobility of fibroin. 
Sufficient data are Ns Pre a), 
not available for the — “tegenerted after solution in tot ithinm bromide, @; and fibroin 
elucidation of thenature — eng Cites w for dissolved ibrote adsorbed on elsee ae 
if specific ion effects. In solutions were obtained by he iting fioroin in solutions of lithium 
ceneral, it appears that jm el peace yoncern onto een nn we ST 
the greatest anomalies 
arise When large ions of complex structure, such as phthalate or picrate, 
are used. The results suggest a number of possible explanations. 
for example, the acid of the buffer solution might react with basic 
groups of the fibroin to form a slightly ionized compound; the anion 
might react with or be adsorbed by the fiber in such a manner as to 
allow one of the acid groups of the adsorbed ion to be free; the strength 
of the acid or basic groups in the fiber might be altered by the proximity 
of the polar groups of the anion; or the adsorbed anion might provide 
charged centers which might even permit the adsorption of other ions. 
It is well known that picric acid forms compounds with many 
proteins. Silk undoubtedly also forms picrates as evidenced by the 
color of the fibers. In the case of colorless ions such as phthalate ions, 
however, similar reactions are not at once obvious. The electropho- 
retic technique accordingly may often prove useful as a qualitative 
indication of such reactions. 
_ Examination of the curves in figure 7 reveals a number of points of 
interest. The dissolved fibroin, adsorbed on glass particles (curve 2), 
exhibits lower mobilities than the untreated or regenerated fibroin 
curve 1) throughout the pH range tested. The mobilities of the un- 
lissolved fibroin were roughly twice those of the dissolved material 
adsorbed either on glass or quartz particles. These data are in disa- 
greement with earlier data by Harris [9] in which it appeared that the 
162919—39——__8 
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mobilities were the same. The present work, however, indicates tha: 
the solutions used previously were too concentrated and, as a resi}; 
the majority of particles appearing in the solution were those of yo. 
generated fibroin. These, as shown (solid and_half-solid ciple: 
curve 1), give a pH-mobility curve which is identical with that, 
untreated fibroin (open circles, curve 1). | 

Although only one curve is drawn to represent the points ‘< thi 
solid fibroin and one for the points for the dissolved material, it ap. 
pears that dissolving fibroin in hot solutions may have produced slishy 
alterations in it. For example, in curve 2, the points for the materia| 
obtained by solution at room temperature are consistently beloy 
those obtained for material dissolved in the hot solutions. Th, 
ditferences, however, are too small to warrant any further conclusio 
at this time. 
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APPROXIMATION TO A FUNCTION OF ONE VARIABLE 
FROM A SET OF ITS MEAN VALUES 


By Martin Greenspan 

ABSTRACT 
Physical data intended to represent the variation of a function of a single 
variable may be actually mean values of the function over intervals of the argu- 
nt. Formulas for approximating to the values of the function from such 
ita and examples of their use are presented in this paper. These formulas have 
been applied to problems of strain distribution in the Engineering Mechanics 

Section of the National Bureau of Standards. 


CONTENTS 


I. Introduction 

Il. Derivation of the formulas - - - - 
1. Central-difference formula- 
2. Descending-difference formula 

III]. Accuraeyv and limitations 

IV. Examples - - 
1. Central-difference formula_ 
2. Desecending-difference formula 


3. Notation 
V. References 


I. INTRODUCTION 


\lethods of measurement to determine the variation of a function 
with its argument are frequently such that only the mean values 
of the function over intervals of the argument are obtained. For 
example, a strain gage measures the total extension over the gage 
length and the mean strain is computed by dividing the extension 
by the gage length. If the variation of strain along the gage length 
is not nearly linear, the measured value may differ considerably from 
the strain at the middle of the gage length. This difference may be 
reduced by the use of a shorter gage length but as a result the sensi- 
tivity of the gage would be decreased and the gage would be more 
difficult to construct. 

Another example is the measurement of heat capacity; the heat 
capacity, dQ/dt, of a body at temperature ¢ is usually approximated 
by AQ/At, where AQ is the quantity of heat required to change the 
temperature of the body by an amount At, where the interval At 
includes t. 

A method of correcting such data was obtained by Strutt [1].! 
Strutt’s formula is equivalent to the first correction-term of eq 
12 in this paper. It will be seen that this is inadequate in many 

Figures in brackets indicate the literature references at the end of this paper. 
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‘ases. An analogous method for cases where the function is defy, 
for discrete v: alues of the argument only is King’s formula for « 
quennial sums [2]. 

Runge [3] has proposed a method of correcting observed spectral. 
energy distributions which has been applied by Stang [4], and | 
Runge to some data of Paschen. In this case the observed inteys 
is a double integral of the desired intensity, the error arising from th) 
finite width of both the collimating slit and the bolometer strip 
Runge’s formula is not applicable to the problem considered here. 

The statistical data which specify frequency distributions are ofte; 
obtained in an approximate form analogous to the cases of strain and 
heat capacity. Thus, in a table of heights of individuals, the entry 
corresponding to 70 in. might be the number of individuals w), 
heights lie between 69% and 70% in. A method of computing th 
“true”? moments of the distribution from the “rough” moments o)- 
tained from the data has been given by Sheppard [5]. She ppard’s 
work is the closest approach to a solution of the present problem fo an 
in the literature, but the method is in general not directly applic 


II. DERIVATION OF THE FORMULAS 
1. CENTRAL-DIFFERENCE FORMULA 


Suppose that it is desired to determine the values of f(x) corresp 
ing to successive values of x differing by w, and that the metly 
measurement is such that the result, F(x), is the average value of ; 
over the interval g from r—g/2 to x+-9/2. Then , 


kw 


1 e st- 2 
F(x) = on | ” f(x)dz, 
J I- 


where k=g/w. This may be written symbolically as 


1 f(x) 
E(x) kw Oe id 


where )=d/dr and 54, is defined from 


iv) =H( 2 nd (2—"Y), 


Eq 1 may be written 
i 
f(z) =kw = F(z). 
‘ 5x 
It is desired to calculate f(x) in terms of F(z) and its successive central 
differences, 6"F' (x), defined by repeated application of 
5"y (x) =d[6" "¥@)] 


to eq 3 with k=1. The operators 6; and D in eq 4 are thus to be re- : 
placed by equivalent expressions in terms of the operator 6. ‘Thies 
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ions are obtained by expanding the right-hand side of eq 3 in 
lor’s series about s, thus: 


5,9 (x) 


vhich, with k= 


o.. 8 
D=— sinh" 5: 
w 


The sul 


ibstitution of D from eq 6 into eq 5 gives 


5,=2 sinh (i sinh"! >) 
tepii 


cement of D and 6; in eq 4 by the values given in eq 6 and 
ves 


k sinh ie 
F(x) F(x) 


— 2). (8) 
sinh (& iil 5) 


his isin the form f(2) 
eXpal 


=pesch p I(x), where p=k sinh”!(6/2), and by 
ion of p esch p in Maclaurin’s series may be written 


" petn(—1)"2""—1),  /, .-.3" le 
f(x) 142 aT Bu (hk sinh~!= F(x), (9) 
n=] (<7)? és 


1 are the successive Bernoulli’s numbers.” Kxpansion of 
2) in Maclaurin’s series in eq 9 gives the double series 


© (2n—-1 

Lop. @"=) p 
ahh eS ‘ 2n—1 
n=] (2n)! ™ 


(2m )! 


Sc oe (5/2) ) wa ‘), 10 
(2™m!)?(2m-+1) “ rr (10) 
xr ke? \ 20- 7k?) 


| - i og K?(448-4 196K? 31k). 
a 5760 © 


fed ) 
967,680 pe |P idan 
When h: L. i j 


which is the case when the intervals g are contiguous 
eq 11 reduces to 


1 3 5 
2)=( 1——3+-~5t- e+... )F(x) (12 
J() (1 24° "640 7168 yi - (12) 
The numerical values of the coefficients of the first three correction 
terms In eq 11 are given for four values of k, in table 


? What ar 


here denoted by B),-; are sometimes denoted by B 
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TABLE | Values of C2, Cy, and Cy in f(x) = (1 + C8? + Cy54 + Cy 58 4 


0.0417 0.00469 0.000714 
167 0333 OOTL4 


2. DESCENDING-DIFFERENCE FORMULA 


Equations 11 and 12 cannot be used to calculate f(r) at 
where 6 is near a boundary of the interval of x for which f(x) is define, 
or where values of x on only one side of } are accessible to the metho 
measurement, because the necessary central differences are not ayail- 
able. For such cases an ascending- or descending-difference formy 
may be used. It is convenient to consider the measured value /\, 
to correspond to the initial point of the interval g=/kw, so that 


] Petkw 
F@)=) huidiin, 
rw I. . 


or, symbolically, 


l f(x) 


MO=— op’ 


where D = d/dr and A,, the descending difference, is defined from 


A.w(r) =V(r+kw)— (zr). 


Equation 14 may be written 


: Pint. 
f(r) =kw iF (r)- 


It is desired to calculate /(r) in terms of F(.r) and its successive de- 
scending differences A*F(x), defined by repeated application of 


A*y(z) =A[A""Y(2)] 


to eq 15 with k=1. The operators A; and D in eq 16 are thus to be 
replaced by equivalent expressions in terms of the operator A. Equa- 
tion 15 may be written 


(1+ A.) ¥@)=V(r+hkw) =e? (2), 


1+ A, 
and 
1+A=e”?, 
Equation 17 and 18 give 


wD=log (1+), 


and 
A,y= (1+ A)¥—1. 
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Replacement of D and A, in eq 16 by the values given in eq 19 and 
)gives 
, loge (14 aes 
f(x) = F(x). 21) 
: (1+ A)*—1 \ 


Pe 
This is in the form f(x) a Pe), where p=k log (1+ A), and by 


expansion of p/(e?—1) in Maclaurin’s series may be written 
k 2(—1)" = 
: log (1+A)+ 35 = 


n=l ( 2n) 


‘tk log (1+ A)]” F(x), (22) 


where B,,, are the suecessive Bernoulli’s numbers.’ Expansion of 
og (1 +A) in Taylor’s series in eq 22 gives the double series 


A™ « at ‘le > A™ 2n . 
é "ke ee ales ] | i (Zs 
l n 


])mt! 
(2n)! = 


(23) 
0) 
5k % 137k .) _ ) 6 pes ‘a 
36 180 . + al t +ie0 — 360 bon90 J + + - - (FO). C4) 


When k= 1, which is the case when the intervals g are contiguous, 
ey 24 reduces to 


ete Gabe as 


l Pe. l l l ' 
( i <-A-+- <A" A+ -A*— 2 +e — a He. .)F(a). 25) 
: 2 3 4 5 6 f ; 


The numerical values of the coeflicients of the first six correction 
terms in eq 24 are given, for four values of &, in table 2. 


lanLE 2.—~Values of Cs, Cs, ele. 48 


III. ACCURACY AND LIMITATIONS 


The derivations of eq 11 and 24 involve the expansion of operators 
in terms of ascending powers (orders) of the symbols 6 and A, respec- 
tively. This procedure is strictly valid if the function F(c) upon 
which the expanded expression operates is a polynomial, because 6 
and A obey the commutative, associative, and distributive laws; and 
because, since the operation 6 or A on a polynomial of finite degree n 
reduces its degree by one, all differences of Fv) of order higher than 
the nth vanish. The series therefore terminates, and is exact. 

However, if /'(x) is not a polynomial, the formulas 11 and 24 can be 
upphed only on the assumption that F(a) may be sufliciently well 
represented by a polynomial of degree n. The error involved in such 
i procedure might be estimated by considering the remainder after 


See fo otno te 2 2. 
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the nth difference term of the series, but this is not possible whey. 9. 
is usually the case, the characteristics of F(«) are unknown. Thi 
justification for the use of formulas 11 and 24 therefore rests on ¢)) 
fact that distributions encountered in practice are frequently 
that they may be approximated to by polynomials of low degree 

Iti is obvious that, so far as the data F(x) are concerned, the funct; tioy 
f(x) is undetermined to the extent of an additive arbitrary period 
function of period g the average value of which over any inte vals 
is zero. ‘This indetermination can be reduced only by reducing thp 
interval g over whic h f(x) is averaged in the measurement. Of cours 
a lower limit to g is set by other considerations. 

The value for the interval w between observations may ordinaril 
be the same as that which would for various reasons have been used 
if the corrections were not to be applied. In cases where there ay, 
not enough data to provide differences of sufliciently high order 
can be decreased. The highest order of differences which ean be 
advantageously used is determined by the accuracy of the data. Ty 
successive differences are increasingly affected by the errors of meas- 
urement, and the differences of a certain order, and all succeeding 
differences, will consist mostly of accumulated error. It may be 
desirable to graduate the data F(x) before applying eq 11 or 24 


Such 


IV. EXAMPLES 


It was thought desirable to include the following two examples 
which indicate roughly the order of accuracy to be expected from the 
use of eq 11 and 24. For these examples hypothetical data wert 
obtained by computing mean values of strain over intervals of length 
g from theoretically known strain distributions. These mean values 
represent data that would be obtained by a perfect strain gave o| 
gage length g. 

1. CENTRAL-DIFFERENCE FORMULA 


Consider (fig. 1) a very long isotropic elastic strip of breadth 2! 
containing a centrally located circular hole of diameter b. The strip 
is in a state of generalized plane stress such that the stress at cross 
sections remote from the hole is of magnitude zz —7’, uniform across 
the section and normal to it. The boundaries of the strip are free. 
The curve of figure 1 shows according to Howland [6] the variation of 
stress along an edge of the strip near the hole. Suppose that in a 
certain specimen the stresses along an edge were actually as given bs 
the curve of figure 1 and it were desired to determine them by meats 
of a strain gage. (Since the edge of the strip is a free boundary, the 
stress is proportional to the strain.) The data that would be obtained 
by the use of a strain gage of gage length (2/3)d and the results of 
applying eq 11 are shown in figure 1. It is evident that the corrected 
values conform much more closely than the data to the original 
distribution. 


2. DESCENDING-DIFFERENCE FORMULA 


Consider (fig. 2) an isotropic elastic flat circular plate of radius ¢ 
and thickness h<a, clamped around the edge and subjected to a 
hydrostatic pressure p=18.8E(h‘/a*) on one face. (E is Young’s 
modulus of elasticity and Poisson’s ratio is taken as 1/4.) The curve 
of figure 2 shows according to Naddai [7] the variation along a radius of 
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| 


given by strain gage, gage length 2/3 & 


+ + 


o corrected by eq Il with A=2 


| 
| 
| 
| 
| 


o corrected by eqll with k=4 








ne 


i 


Figure 1.—Problem of a tension irember containing a hole. 





+ Where ¢, is the normal strain in the unloaded face in the radial 


lirection. Suppose that in a certain specimen the radial strains were 
actually as given by the curve of figure 2 and it were desired to deter- 
mine them by means of a strain gage. If the value of the strain at the 
clamped edge were desired, eq 24 would be used with the trans- 
lormation z=1l—u. The data that would be obtained by the use 
of strain gages of gage lengths (2/5)a and (4/5)a and the results of 
applying eq 24 are shown in figure 2. 
The corrected values conform much more closely than the data to 
| 2 
acs at the 
uped edge, which is inaccessible to the strain gage, is accurately 


Dtamned, 


the original distribution. Furthermore, the value of er | 


3. NOTATION 


Various notations for differences are in use. ‘Tables 3 and 4 show 
how the differences used in this paper are computed. The tables are 
uwranged so that the difference corresponding to any entry, £(2), is 
on a horizontal line through that entry. 

The interval between successive values of the argument z is constant. 
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o given by strain gage, gage length 2/5 a 
| | | 
ecorrected by eq 24 with #=2 


H 4 














© given by strain gage, gage length 4/5a 
| | | 
A corrected by eq. 24 with k=4 








-!00 


FiGuRE 2.—Problem of a circular flat plate subje cted to hydrostatic press 





TABLE 3.—Central diffe rences 


8? F(z) 53 F(x) 


| 
6 F (21/2) =F (2)-F (10) 
6? F(2;)=6 F(23/2) -6 F'(21/2) | 
5 F (23/2) =F (22)-F (21) 53 F'(%3/2) =82 F (22)-5? F (21) 
62" (22)=6 F (25/2) -6 F (23/2) | 
5 F (25/2) =F (t3)-F (22) 163 F'(5/2) =6? F(z3)-6? F (22) 
62 F'(t3)=6 F (27/2) -5 F (25/2) 5¢F (23)=83 F (27/2 
6F (27/2) =F (214)-F (23) \63.F (27/2) =8?F'(24)-82 F (23) 
6? F (24) -6 F (29/2) -6F (272) | 
5 F (29/2) =F (25)—F (24) 53 F (29/2) =6? F'(v5)-82 F (14) 
62F (25)=6 F(211/2)-6 F (29/2) | 64 F (25)=89F (211 /2)-03! 
6 F(21/2)=F (a5)-F (25) 63 F (241 /2)=62 F(26)-8? (15) 
6? F'(2)=5 F(213/2)-6 (2411/2) | | 
5 F(213/2)=F (27)-F (a) | 


54 F (22) =8° F (25/2 


69 F (14) =83 F (9/2) -534 
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TasLe 4.—De scending difference s 
AMF (z AB (zr MEQ 


AF (2\)-AF (20) AS F'(t0)=AIF(21)-A? F(x) | At F(xz0)=A3 F (21) ASF (x 
AF (z3)-AF (11) ASF (2))=A? F(2a)-AIF (a1) | AS F(t1)=A3 F(a2)-AIF (2) 
AF (t3)-AF (4a) | ASF (22)=A2F(23)-AIF (29) | AS F(22)=A3F (23)-A3 F (22) 
AF(t4)-AF (ts) | A¢k(13)=A4 F(44)-AIF (x3) | A4F(23)=A3 F(24)-ASF (23) 
AF (a5)-AF (24) ASF (a4)=A? F (25)-AIF (ay) 

AF (x6)-AF (25) 
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PREPARATION OF CRUCIBLES FROM SPECIAL 
REFRACTORIES BY SLIP-CASTING 


By John G. Thompson and Manley W. Mallett 


ABSTRACT 


rhe s lip casting process, which is widely used in ceramics, has not been gener- 
applied to the preparation of crucibles from special refractories, which lack 
the property of plasticity. However, enough plasticity to make slip-casting 
‘oasible ean be developed in some of the special refractories by fine grinding and 
reatment with acid. Thin-walled crucibles of alumina, beryllia, zircon, zirconia, 
ind electrically fused thoria were cast from aqueous slips, and bricks 5 em thick 
ere made by a modified process. Magnesia crucibles could not be cast from 
cous slips but were formed successfully from a suspension of finely ground 
gnesia in absolute alcohol. 


CONTENTS 


ntroduation a 2 
-cast beryllia crucibles_—_-_- 
p-castings of zirconia, zircon, alumina, and ele ctrie: ally fused thoria_- 
lip-cast magnesia crucibles- 
oc: ————— 
veferences_ ....- 


I. INTRODUCTION 


Researches in refractory materials frequently are necessitated by 
metallurgical researches at elevated temperatures, particularly when 
treatment of molten metal of high purity is involved. The material 
from which crucibles are made must be chemically inert to the molten 

tal, free from impurities that may be transferred to the metal, and 
must not melt or soften in use. The containers for this type of re- 
search must be of the desired shape, size, and capacity, sufficiently 
strong and resistant to thermal and mechanical shock, and resistant to 
the erosive action of the molten metal. 

Except for carbon or graphite, which react with many metals at 
elevated temperatures, refractory materials with melting points 
iubove 1,600° C, and of sufficiently high purity and chemical stability 
to be suitable for melting high-purity metals, practically are limited 
to purified oxides (and in some cases silicates), such as those of 

uminum, beryllium, calcium, magnesium, thorium, and zirconium. 
The relative merits of these refr actory materials and the factors that 

letermined the selection of one or another in several investigations 
it the National Bureau of Standards, have been discussed in previous 
publications [1, 2, 3, 4].1. Crucibles were formed by tamping or press- 
ing the refractory into the desired shape, as described in detail by 
Swanger and Caldwell [3]. 


Figures in brackets indicate the literature references at the end of this paper 
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Crucibles prepared in this manner have been quite satisfac ton 
small melts of highly purified metals, particularly metals of {), 
platinum group and their alloys. Howe ‘ver, in the current Po ; 
high-purity iron [4] it became evident that the pressing or tamping pro. 
cedure was not so satisfactory for the production of larger crucibles fo; 
melting 600 to 800 g of iron. The preparation of these relatively 
thick-walled crucibles required large amounts of refractory, and the 
bulk was objectionable in «a furnace whose capacity was limit, 
However, the principal objection to tamped crucibles, for melting 
high-purity iron in a high-frequency induction furnace, was contan. 
nation of the melt by particles detached from the walls of the crucible 
Ingots of iron melted and allowed to solidify in tamped crucibles 
usually had very rough surfaces in which large and small partici 
of refrac tory were tightly embed led, and even the apparently ck 
metal from the interior of the ingots was contaminated to son 
extent by the refractory, as was shown by the results of spectroscopi 
examination. 

Attention was therefore turned to other methods of preparing 
crucibles, primarily to obtain more resistant and more nearly perfe 
inner surfaces. It was found that the process of slip-casting, whic, 
is so widely used in the ceramic industry, could be modified to produc 
high-quality, thin-walled crucibles of the desired type from nor 
plastic refractory materials. 

The process of slip-casting, as applied to the production of clay 
ware, is simple in principle. The ‘“‘slip,’’ which is an aqueous suspen- 
sion of the clay mixture, is poured into a plaster of paris mold where 
it gradually solidifies by absorption by the plaster of water from the 
slip. The solidified casting is subsequently removed from the mold 
and is dried and fired. 

Although the slip-casting process for the production of clay ware is 
simple in principle, its successful application requires control 
many variables, which were discussed in detail by Hall [5]. 

Slip-casting of special refractories differs from that of clay in one 
important respect, that is, most clays are more or less plastic and sel! 
bonding, whereas the special refractories are nonplastic. This is 
particularly true of calcined refractories; and calcination, to pre- 
shrink the material prior to forming it into crucibles for use at high 
temperatures, is quite necessary to minimize destructive shrinkage o! 
the completed crucible when it is fired. In earlier work on the slip- 
casting of special refractories at this Bureau [1], small amounts of 
clay or organic compounds were incorporated in the slip to serve as 
a bond for the nonplastic refractory, but this practice was not entirely 
satisfactory because the added material lowered the softening tem- 
perature of the refractory, or because it contaminated the high- 
purity metal in subsequent melting operations, or both. However 
Ruff [6] showed that the addition of a plastic material was not always 
necessary, and that treatment of finely ground refractory oxides with 
acids or alkalies developed plasticity in ‘the otherwise nonplastic ma- 
terials. Ruff worked with zirconia, alumina, and silica. Our study 
of slip-easting started with beryllia, which was the refractory selected 
for the work with high-purity iron, and was extended to include othe! 
refractories. 
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II. SLIP-CAST BERYLLIA CRUCIBLES 


The beryllia used in this work was a commercial product of ‘“chem- 
wally pure” grade prepared by calemation of beryllium sulphate. 
Che beryllia was heated to about 1,800° C in graphite shells in an 
vacuated Arsem furnace to convert the finely granulated powder to a 
wsely coherent cake whose volume was approximately 85 percent of 
hat of the powder. The cake, after being crushed to pass through a 
Vo. 10 sieve, was ground in a steel ball mill which was two-thirds 
sled with a mixture of equal volumes of beryllia and steel balls 1 inch 
ndiameter. The mill rotated at about 70 rpm. Satisfactory grinding 
was determined by the behavior of the material in casting operations 
rather than by direct determinations of the particle sizes. Insufficient 
crinding was indicated by the presence of coarse particles which 
ettled rapidly from the casting shp, and by a rough, sandy surface 
nd low strength im the castings. Over-ground material yielded 
castings that formed very slowly and that cracked in drying. It was 
found that 8 hours’ grinding yielded satisfactory material, and this 
crinding period was used in all of the work with beryllia. Wet grind- 
ing appeared to be somewhat faster than dry grinding, but the latter 
was generally used in our work because of greater convenience in 
ceaning the dry mill and in storing the dry powder. 

knough of the ground material to produce 1 day’s castings was 
transferred to a large bottle together with about twice its volume of 
diluted hydrochloric acid (1+9), and the mixture was thoroughly 
haken. Reaction of the acid with fine particles of iron from the ball 
mill kept the mixture stirred at first; but when the mixture stood for 
2 or 3 hours, the beryllia settled out and most of the discolored acid 
could be removed by siphoning. Fresh acid was added and was 
mixed with the beryllia by shaking. After a suitable period of set- 
ling, the spent acid was replaced by a third portion of fresh acid, the 
mixture was shaken and then allowed to stand overnight, after which 
the supernatant acid was siphoned off as completely as possible. 

This treatment was sufficient to impart the necessary plasticity to 
the beryllia and to remove the iron which was introduced during 
erinding. Good crucibles could be prepared from a suspension of the 
acid-washed beryllia in diluted hydrochloric acid, but equally good 
castings could be obtained from less-acid slips which were less destruc- 
tive to the plaster molds. Consequently, after siphoning off the final 
portion of diluted acid, the beryllia was washed three or four times 
with water. The beryllia settled more slowly with each successive 
washing until, after the final addition of fresh water, the supernatant 
liquid remained cloudy for several hours. After the mixture had 
stood overnight, the water was siphoned off as completely as possible. 
This left the beryllia in the form of a firm, damp cake which could be 
transformed, by stirring or shaking, into a thinly fluid slip. Too much 
dilution caused rapid settling of the slip, whereas an insufficient 
amount of water produced a viscous slip from which it was difficult 
to eliminate air bubbles. If the consistency of the slip was that of 
rather thin cream and, further, if the entrapped air bubbles rose 
rapidly and freely to the surface before appreciable settling of the 
beryllia occurred, the slip was ready for casting. A few observations 
of the volumes of diluted acid and water that were added to and 
‘phoned from the beryllia showed that satisfactory slips usually 
contamed between 60 and 70 percent by weight of solid matter. 
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To form a crucible, the slip was poured into the plaster mol 

rapidly but without splashing or entrapping air. The plaster imm,. 
diately began to absorb water from the slip, and a film of solidific 
material formed on the walls. The liquid level within the mold Wi 
a by additions of slip until the film of solidified mater 

‘ached the desired thickness. The mold was then inverted aid the 
saahiisead liquid slip was poured out. The time required to form a ery. 
cible with a wall thickness of 2 or 3 mm usually was about 1 minyt; 
but this varied with the consistency and acidity of the slip and wij 
the condition of the plaster mold. If the plaster was too wet. th 
crucible formed slowly, hardened slowly, and adhered to the mo) 
Similar difficulties were encountered in casting an old slip in whie| 
the beryllia had been wet continuously with acid or water for mop 
than a week. If the plaster was too dry, the crucible formed so rapidly 
that the process was hard to control, and the crucible usually coll; aps 
and was poured out of the mold along with the excess of liquid lip. 
When the proper condition of a plaster mold was once attained, | 
could be maintained by making only one or two castings per rl 
then inverting the empty mold and allowing it to dry overnight 
With this schedule 25 or more crucibles have been cast in a single mold 
although the later crucibles in the sequence formed slowly because o! 
slow absorption by the old plaster, and these crucibles were remove 
with difficulty from the mold because rough spots in the plaster served 
to anchor the crucible to the mold. Some molds reached the limi: 
of their usefulness when they began to produce bubbles of gas, either 
because of some chemical reaction, such as that of hydrochloric acid 
with calcium carbonate, or because there were channels in the plaste: 
from which the air was displaced by the water absorbed during a 
casting. Such gas bubbles were retained in the semisolidified slip and 
produced imperfect crucibles. 

If the crucible formed properly, it remained in the mold when thi 
excess of liquid slip was poured out; but it was too soft and plastic 
at this stage to support its own weight or to be removed from the 
mold. The crucible, therefore, was allowed to remain in the mol 
for further drying by absorption of water by the plaster and by 
evaporation from the inner surface of the casting. After about 2 hours 
the inner surface was dry and firm to the touch and shrinkage cracks 
began to appear at the junction of the top of the crucible and the 
wall of the mold. The casting then could be removed from the mold 
particularly if the mold was gently tapped and rolled before it was 
inverted. The crucibles at this stage were somewhat plastic but wer 
strong enough to be removed from the mold without collapsing. They 
were air-dried for about 24 hours and then were heated slowly fo 
another 24 hours during which the temperature rose to about 1S) 
C. Drying in this manner did not appreciably affect the dimensions 
of the crucible, but subsequent firmg to 1,750° or 1,800° C was ac- 
companied by a linear shrmkage of about 10 percent. The densit) 
and shrinkage of the crucible increased, and the porosity decreased, 

2 The molds in which the castings were made were prepared as follows: Plaster of Paris of a grade sulta 
for making molds was stirred into water in the approximate proportions of 4 parts by weig ht ¢ 
to 3 parts of water. The thoroughly mixed mass was gently stirred and jarred to eliminate air bu i 
was then poured into a cardboard cylinder in which was suspended a slightly tapered brass mandr \ 
was covered with a thin film of lard oil. The mandrel and cylinder were arranged to produce a a plaster 
casting with uniform thickness (about 3 em) of walls and bottom. The inner surface of a satisf 
plaster casting, after the mandrel was withdrawn, was smooth and free from gas pockets or me¢ 


defects. The cardboard shell was stripped from the solidified plaster, and after the mold had been alloy 
to air-dry for several days at room temperature, it was ready for use. 
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Sections of slip-cast crucibles, exhibiting the smooth inner surfaces and 
thin uniform walls. 
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with increasing temperature of firing; but a maximum temperature of 
1.750° or 1,800°C was used in our work, primarily to provide a safe 
‘margin for subsequent use of the crucibles at about 1,600°C rather 
than to produce a desired degree of porosity or density. Breakage 
‘of crucibles during firing was negligible when about 3 hours was 
required to reach the maximum temperature and this temperature 
was maintained for about 1 hour. After firing, the crucibles were 
| white, hard, strong, and resistant to shock, with a structure similar 
to that of porcelain. If a suspended crucible was struck lightly, it 
responded with a clear, bell-like ring. 

The split halves of the 3 crucibles that are shown in figure 1 illus- 
trate the excellent inner surfaces and uniform walls that were attained 
in slip-cast crucibles. The largest of the 3 crucibles was 16 cm long 
with a capacity of 140 cm’, the smallest was 9 cm long with a capacity 
of 20 em. The wall thickness of each of the three was 2.5mm. In 

' most of the crucibles the thickness of the bottom was the same as that 
of the walls; but the crucible shown at the left in figure 1 had a thick 
bottom, presumably because the bottom of the mold was dry and 
absorbed water from the slip faster than did the side walls. The 
largest slip-castings of beryllia that were attempted were crucibles 5 cm 
in inside diameter, 15 cm long, with walls 4 mm thick, and with a 
capacity of about 300 cm’. One of these shells which were used to 
support smaller crucibles in melting operations is included in figure 2. 


III. SLIP-CASTINGS OF ZIRCONIA, ZIRCON, ALUMINA, 
AND ELECTRICALLY FUSED THORIA 


The success achieved in slip-casting beryllia led to experimentation 
with other refractories. No particular difficulty was encountered in 
slip-casting zirconia, zircon, or electrically fused thoria of the grades 
which had been previously used for the production of tamped or 
pressed crucibles [3]. However, some details of the procedure, for 
example, the time of grinding and the amount of water to make a 
suitable casting slip, necessarily were varied for different refractories. 
Electrically fused thoria required the longest grinding. Although 
crucibles made from this material did not shrink appreciably on drying 
in the mold, they were strong and heavy enough to permit their 
removal. The shrinkage of thoria crucibles on firing to 1,750° or 
1,800° C was very low. 

Alumina of satisfactory purity for use as a high-temperature refrac- 
tory is a relatively new product. The best alumina that was previously 
available in this country was the purified oxide that was used for the 
production of metallic aluminum. The principal impurities in this 
material were sodium salts, equivalent to a content of about 0.5 
percent of Na,O, which lowered the sintering temperature of the 
alumina and increased its susceptibility to contamination by carbon. 
However, a special grade of purified alumina, ‘(Grade A-10,” is now 
available, the Na,O content of which is about 0.1 percent and the 
other impurities are lesser amounts of the oxides of iron, silicon, and 
titanium. 

The procedure employed in slip-casting crucibles of both grades of 
alumina was practically the same as was used for beryllia. The 
alumina as received had been calcined and was finely granulated 
ubout 35 percent being retained on a No. 200 sieve. This material 
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was ground in a steel ball mill for 8 hours, treated with hydrochloy;, 
acid at room temperature for 24 hours, and washed with water for 9; 
hours. Crucibles made from alumina, which contained 0.5 percey; 
of Na,O, were sintered more than those made from A-10 alumina gy, 
fired at the same temperature. The increased sintering presumably 
resulted from the presence of sodium salts in spite of the treatment oi 
the finely ground alumina with hydrochloric acid. Shrinkage of th 
alumina crucibles on firing to 1,750° C was about 15 percent, somewhg; 
more than that of the beryllia; but the latter was calcined to 1,800°¢ 
whereas the alumina was calcined at about 1,500° C. 

The preparation of slip-cast crucibles of purified alumina, for ys | 
at high temperatures, has received more attention abroad than it has 
in this country and has been described in several papers in Englis) 
journals [7, 8, 9]. Most of these procedures are more complicate) 
and less convenient than ours. In some instances grinding for 1() 
hours was required; in several instances the treatment of the finely 
ground material with acid was done at temperatures that approached 
the boiling point of the mixture, or the slip was heated before it was 
cast. Our experiments indicated that satisfactory results were ob. 
tained with less than 10 hours’ grinding and, further, that the entire 
process could be carried out at room temperature. These variations 
in detail are of minor importance, and all processes for slip-casting 
alumina are based on Ruff’s discovery [6] that plasticity could be 
developed in nonplastic refractories by fine grinding and treatment 
with acid. 

Brick for the construction of a small high-temperature furnace also 
were made from A-10 alumina by a modified slip-casting procedure. 
The alumina, not ground, did not develop a satisfactory bonding 
power when it was treated with diluted hydrochloric acid and washed 
with water. Brick formed from this material could be removed from 
the mold and were somewhat plastic while they were damp but lost 
their cohesion in drying and were converted to friable, sandy masses 
when they were heated to 150° C. On the other hand, alumina that 
had been ground for 8 or 10 hours in the ball mill and then treated 
with acid and water could be formed into brick that did not disinte- 
grate when they were dried, but which, unfortunately, cracked badly. 
However, neither of these difficulties was encountered when a mixture 
of equal weights of unground alumina and of material that had been 
ground for 10 hours was used. 

The procedure for casting the brick that were 5 cm thick differed 
in several respects from that used for the thin-walled crucibles, par- 
ticularly in the thickness of the slip and in the type of mold. To 
form one brick of each of the two sizes illustrated in figure 2, 1,300 ¢ 
of alumina that had been ground for 10 hours was mixed with 1,100¢ 
of unground material. The mixture was treated with diluted hydro- 
chloric acid for 24 hours and then was washed with water. After the 
mixture had stood overnight in a large evaporating dish, the water 
was siphoned off as completely as possible, and 200 g of dry unground 
Al,O; was stirred into the mixture to form a pasty slip and to bring | 
the composition to equal weights of ground and unground alumina. 
These slips contained 75 percent or more of solid matter. 

Molds for the brick were without top or bottom and were made of 
wood. The surfaces of the mold that would be in contact with the 
slip were wrapped with strips of filter paper and the mold was then 
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FIGURE 3. Slip-cast magnesia crucibles. 
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place .d on a sheet of filter paper which in turn rested on a porous plate 
} in a large funnel. The pasty slip was transferred to the mold by 
means of a large spatula or scoop, and each addition was puddled 
to fill the corners of the mold to insure complete mixing and to facili- 
tate removal of air bubbles. After the mold was full, small additions 
of slip were made from time to time to compensate for the shrinkage, 
. which was completed in about 2 hours. The casting was allowed 
to remain undisturbed in the mold for 2 or 3 hours more, the mold 
was then removed, the filter paper was stripped from the casting, and 
the latter was air dried for 36 hours. It was then baked at 150° C 
in an electric oven and subsequently was fired to about 1,425° C in 
S one of the Bureau’s kilns.* Some of the brick were fired to 900° C 
in an electric muffle, prior to firing to 1,425° C, but this intermediate 
fring was not an improvement over direct firing from the baked 
condition. In fact some of the brick were rather fragile after firing 
to 900° C, whereas there were no failures and no serious checks or 
| cracks during the firing to 1,425° C. After baking at 150° C, the 
loss in W eight of a 1,700-g brick on firing to 1,425° C did not exceed 
5 or 10 g, and the linear shrinkage was Sg about 1 percent. Ex- 
amples of two types of brick fired to 1,425° C are shown in figure 2. 
The circle brick were 5 cm thick, 14 by 9 cm at one face, and 14 by 14 
' cm at the other. The soaps were 5 cm square, 15 cm long, and 
weighed about 800 g each. The slip-cast articles shown in figure 2 
vary in weight from 1,700 g for the circle brick to less than 50 g for 
the small crucible. 


IV. SLIP-CAST MAGNESIA CRUCIBLES 


The slip-casting of calcined ground magnesia presented unusual 
problems because of the tendency of this material to react with acids 
and even with water. Treatment of the ground material with diluted 
hydrochloric acid dissolved some of the magnesia and converted the 
rest to a hard, nonplastic mass. Various proportions of alcohol were 
added to the diluted hydrochloric acid in the hope that the reaction 
with the magnesia could be inhibited, but without success. It was 
concluded that the removal of iron, from grinding in the steel ball 
mill, was not practicable by treatment with diluted acid. Further- 
more, the treatment with acid was not needed to develop plasticity 
in the ms ugnesia; this material developed excessive plasticity from 
treatment with water. A few successful castings of magnesia were 
made from water slips, but many difficulties were encountered. The 
magnesia slip was sticky and rubbery as compared to slips of the other 
refractories, and the castings were soft and weak and stuck tightly 
tothe mold. Of the few good castings that were successfully removed 
from the mold, none was satisfactorily dried and fired. All devel- 
oped cracks and checks, as did the two crucibles shown at the right in 
figure 3. However, crucibles which cast well and which could 
dried and fired without breakage, as exemplified by the crucible : 
the left of figure 3, finally were ‘obtained through the use of a non- 
aqueous liquid to form the slip. 

Magnesia crucibles were slip-cast successfully as Pat Mag- 
nesia that had been previously calcined to about 1,800° C was ground 
ina steel ball mill. Enough of the ground magnesia rm make a 1 


: 'The authors are indebted to R. A. Heindl and his associates in the Refractories Section of the Bureau 
for the use of the kiln and for information about ceramic slip-casting. 
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day’s supply of castings was covered with an excess of absolute alcoho} 
and the mixture was shaken vigorously several times and then allowed 
to settle overnight. In the morning most of the supernatant liquid 
was siphoned off until only enough remained to convert the cake of 
magnesia into a fluid slip of the desired consistency when the mixture 
was shaken. 

To obtain a stable suspension in alcohol, that is, one which did not 
settle rapidly, required longer grinding than was necessary for aqueous 
slips. Magnesia ground in the ball mill for 17 hours made a satis. 
factory slip with absolute aledhol. The casting slips contained 80 to 
85 percent solid matter and were somewhat more viscous than the 
aqueous slips. It should be emphasized that the medium for suc. 
cessful slip-casting of magnesia was absolute alcohol. Slips made with 
95-percent alcohol were no better than slips made with water alone, 

Castings of magnesia formed rather slowly, dried rather slowly, and 
tended to stick to the mold. However, the green crucibles appeared 
to be quite tough and able to withstand the rather severe jolting of 
the ald that was usually necessary to free the castings. No difficulty 
was encountered in drying and firing the crucibles, although the mav- 
nesia, perhaps because it contained impurities that were removed 
from the other refractories by the treatment with acid, was not quite 
as refractory as the beryllia or purified alumina. When fired to 
1,750° or 1,800° C the magnesia crucibles became somewhat vitrified 
and tended to warp out of shape. At 1,650° or 1,700° C they kept 
their shape but tended to vitrify more than did the other refractories 
at temperatures 100° C higher. 

Absolute alcohol was the only successful vehicle for slip-casting 
magnesia that was found in our experiments, but equally good success 
perhaps could be attained with other nonaqueous, nonhydrating 
media. 

V. SUMMARY 


1. Beryllia crucibles with uniform thin walls, smooth inner surfaces, 
and with capacities up to 300 cm® were prepared by a slip-casting 
process. 

2. The necessary plasticity for slip casting was developed in cal- 
cined, finely ground beryllia by treatment with diluted hydrochloric 
acid at room temperature. 

3. Good castings were obtained from suspensions of the acid- 
treated beryllia in diluted hydrochloric acid, but equally good castings 
and longer life of the plaster molds were obtained when the diluted 
acid of the casting slip was replaced with water. 

4. The slip-casting process that was developed for beryllia was also 
used for the preparation of crucibles of alumina, thoria, zircon, and 
zirconia. 

5. Slip-cast crucibles had wall thicknesses of about 3 mm, but brick 
5 cm in thickness were prepared by a modification of the slip-casting 
process. 

6. Crucibles of magnesia, which could not be cast from aqueous 
slips, were cast from suspensions of magnesia in absolute alcohol. 
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